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“I  was like a boy playing on the sea-shore, and diverting myself now and then finding a 
smoother pebble or a prettier shell than ordinary, whilst the great ocean o f truth lay all 
undiscovered before me. ”
Isaac Newton (1642-1727)
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“Nothing in biology makes sense except in the light o f evolution.” 
Theodosius Dobzhansky (1900-1975)
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General introduction
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Isotopic dating of meteorites, that are the oldest objects known, show that the solar system, and 
as a result earth, formed 4.567 billion years ago (Baker, Bizzarro et al. 2005). More than 4.0 
billion years ago a more or less permanent solid surface was shaped and liquid water could 
condense (Mojzsis, Harrison et al. 2001; Hopkins, Harrison et al. 2008) to create minimal 
conditions for life’s origin. The oldest known microfossils date from 3.5 billion years ago and
12 13evidence for earlier life has potentially been detected by measuring C/ C ratios in older rocks 
(Mojzsis, Arrhenius et al. 1996) that could be explained by the activity of the enzyme Rubisco 
present in photosynthetic bacteria. This indicates that life on earth started somewhere between 
4.0 and 3.5 billion years ago, but was already widespread 3.5 billion years ago
The oldest known prokaryotes were cyanobacteria that were identified by Schopf (Schopf 2006; 
Schopf, Tripathi et al. 2006) as microfossils and as stromatolitic communities that have an age of 
about 3.5 billion years. They were responsible for the production of oxygen that led to 
accumulation of oxygen in the oceans and atmosphere about 2.5 billion years ago. The oldest 
eukaryotic fossils that are found have an age of 1.5 billion years (Schopf and Oehler 1976; 
Javaux, Knoll et al. 2001) at this time the atmospheric oxygen concentration was already raised 
to a significant level (Dyall, Brown et al. 2004; Holland 2006). Although very recently large 
microfossils were identified in 3.2 billion years old sediments (Javaux, Marshall et al. 2010) it is 
to early to definitively identify them as eukaryotic.
One of the most important events in the history of life on earth was the origin of the eukaryotic 
cell. In 1967 Lynn Margulis published a paper entitled: “ On the origin of mitosing cells” (Sagan 
1967). For the first time a phylogenetic tree was presented in which the prokaryotes were linked 
with the lower eukaryotes. In this paper it is also suggested that mitochondria, plastids and the 
basal body of the flagella are the product of ancient endosymbioses. Although modern molecular 
techniques have not provided evidence for the endosymbiotic origin of the basal bodies of the 
flagella, the endosymbiotic origin of mitochondria and plastids is generally accepted. Margulis 
supposed that the original host of the mitochondrial endosymbiont was a strict anaerobe that was 
rescued by its aerobic guest from extinction due to rising oxygen concentrations in earth’s 
atmosphere. The acquisition of a mitochondrion led to a much more efficient way of ATP 
production by oxidative phosphorylation, this paved the way for the enormous success of 
eukaryotes. As Margulis stated, these ideas were not new. Ideas previously proposed by 
Mereschkovsky (Mereschkovsky 1905), Minchin (Minchin 1916), Wilson (Wilson 1925), Wallin 
(Wallin 1927), Lederberg (Lederberg 1952), and Ris & Plaut (Ris and Plaut 1962) were 
combined and updated with the latest biochemical and cytological data. This led to a paper that 
nowadays is recognized as a landmark paper in modern biology.
Life on earth nowadays is divided into three “Empires” : Bacteria, Archea and Eukaryota 
(Figure 1) as proposed by Woese in 1990 (Woese, Kandler et al. 1990). Already in 1977 Woese 
and Fox (Woese and Fox 1977) classified the archaea as a separate group of prokaryotes from
10
the Bacteria. Many of them live in extreme environments, but some also in less extreme 
environments such as aquatic sediments and the intestinal tract of ruminants.
Figure 1: Phylogenetic tree of life as proposed by Woese (Woese, Kandler et al. 1990)
The origin of the mitochondrial endosymbiont and its host
It’s now generally accepted that eukaryotic cells have a chimaeric origin. Eukaryotic genomes 
seem to consist partly of genes from archaebacterial and bacterial origin. In general, it seems that 
informational genes (genes involved in transcription and translation) have archaebacterial 
signatures, while operational genes (genes involved in metabolic and biosynthetic processes) 
have an eubacterial history (de Duve 2007). This chimaeric origin is the consequence of the 
symbiotic origin of the eukaryotic cell as proposed by Margulis (Sagan 1967). Phylogenetic 
analyses of the mitochondrial genomes show that the closest relatives to the mitochondria are 
found in the group of alpha proteobacteria and, more specific, within the Rickettsiales (Gray 
1998; Sicheritz-Ponten, Kurland et al. 1998). Some of them (including Rickettsia) are pathogenic 
and can only survive as endosymbionts/parasites in eukaryotic cells.
More controversy exists about the nature of the host cell. Was this host a prokaryote, an 
amitochondrial eukaryote or something in between?
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Modern scenarios of the endosymbiont hypothesis.
Scenarios for the origin of the eukaryotic cell are numerous but they all fall into two classes. In 
the first class, an anaerobic, amitochondriate cell with eukaryotic features (like nucleus, 
endomembrane system, phagocytosis etc.) engulfed the precursor of the mitochondrion to create 
the true eukaryotic cell. In the second scenario, first the prokaryotic host absorbed the 
mitochondrial precursor, followed by the evolution of eukaryote-specific features. The most 
popular theory of the first class is the Archaezoa hypothesis as proposed by Cavalier Smith 
(Cavalier-Smith 1987) in the 1980’s. He elaborated the idea proposed earlier by other authors 
(De Duve 1969; Stanier 1970) that the process of phagocytosis, which depends upon a 
cytoskeleton and an endomembrane system, should be a characteristic feature of the pre­
eukaryote cell before the endosymbiosis of the proto-mitochondrion could take place. Thus, 
eukaryote-like cells without mitochondria (Archaezoa) should have existed in the past and still 
could exist today. The first rRNA phylogenies appeared to confirm the archaezoa hypothesis 
showing that “ archaezoan” taxa like microsporidians, parabasalids (e.g. Trichomonas vaginalis) 
and diplomonads (e.g. Giardia lamblia) branched deeper than the mitochondriate groups in the 
eukaryotic tree (Sogin, Gunderson et al. 1989). Sogin supposed that Giardia lamblia probably 
radiated from the main eukaryotic branch before full development of eukaryotic features like ER 
and Golgi, and before the endosymbiotic event that gave rise to the mitochondria took place. 
Modern biological investigations did not confirm these assumptions. In the early 1990’s small- 
subunit rRNA analysis demonstrated that an amitochondriate amoeba such as Phreatamoeba 
balamuthi diverged relatively late among the eukaryotes. Therefore, it has been concluded that 
mitochondria, ER and Golgi apparatus must have been secondarily lost in the presumably 
“primitive” amitochondrial eukaryotes (Hinkle, Leipe et al. 1994). Present day phylogenetic 
studies show that these amoebae belong to the group containing mitochondriate lobose amoeba 
and aerobic slime moulds, which are part of the predominantly aerobic “Unikonta” (i.e., 
amoebozoa, animals and fungi). However, the most convincing evidence against the archaezoa 
hypothesis is the presence of mitochondrion-related organelles, such as hydrogenosomes and 
mitosomes, in organisms previously classified as archaezoa. Almost all of these organelles do 
not contain an organellar genome, but the presence of nuclear encoded genes with a a- 
proteobacterial or mitochondrial origin in all of these presumed “ archaezoa” indicates that these 
organisms once contained mitochondria. Important additional evidence came from the discovery 
of a mitochondrial genome in the hydrogenosomes of the anaerobic ciliate Nyctotherus ovalis 
(Akhmanova, Voncken et al. 1998; Boxma, de Graaf et al. 2005) that is described in this thesis. 
This organelle represents the final “missing link” between classical mitochondria in aerobic 
ciliates (de Graaf, van Alen et al. 2009) and hydrogenosomes. Recently, in the stramenopile 
Blastocystis (belonging to a different taxon) another example of a hydrogenosome-like organelle 
with a genome has been described (Perez-Brocal and Clark 2008; Stechmann, Hamblin et al. 
2008; Wawrzyniak, Roussel et al. 2008). Thus, the existence of archaezoa is very unlikely, 
although it cannot be excluded that archaezoa still hide somewhere in unexplored ecological 
niches. However, all available evidence shows that all “ amitochondrial” organisms that have
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been studied so far, possess “mitochondrial” genes and conspicuous double-membrane bounded 
organelles. Thus, alternative models for the evolution of the eukaryotic cell are required (Embley 
and Martin 2006; Hjort, Goldberg et al. 2010). All models that do not rely on archaezoa have in 
common that the host was an archaebacterium, leading to a revival of Margulis’s model of an 
initial symbiosis between prokaryotes. A popular theory has been put forward by Martin and 
Müller in 1998 (Martin and Müller 1998) and was inspired by the observation that 
hydrogenosomes, hydrogen and ATP-producing, double membrane-bound organelles, were 
found in certain fungi and a variety of protists living in anaerobic environments. According the 
“hydrogen hypothesis” an archaebacterial hydrogen consumer (that could have been a 
methanogen) became the “host” cell and that has been invaded by a hydrogen-producing, 
facultatively anaerobic eubacterium. As described by this theory the methanogenic ancestory of 
the host is only one of several possible scenarios (Martin and Müller 1998). Arguments in favor 
of this theory are:
1) It can be traced deep into the archaebacterial phylogeny.
2) No methanogen is known that is heterotrophic.
3) Methanogens are strictly anaerobic.
4) They can use all three products (i.e. hydrogen, CO2, acetate) of the 
metabolism.
5) Widespread syntrophic association between methanogens and 
observed.
The major problem with this theory is the engulfment of one prokaryote by another prokaryote 
that is extremely rare. Only one example of this process has been described so far, and in that 
case we deal with a eubacterial endosymbiont and not with a free living eubacterium (von 
Dohlen, Kohler et al. 2001). Furthermore it is shown that many of the hydrogenosomal proteins 
involved in anaerobic metabolism are obtained by horizontal genetransfer and all proteins 
involved in the electrontransport chain are from the endosymbiont. Nowadays it is clear that the 
origin of the host is unknown. Recently a new model has been proposed that suggests a predatory 
or a parasitic interaction between prokaryotes (Davidov and Jurkevitch 2009). Davidov and 
Jurkevitch suppose that the predator was a small aerobic alpha proteobacterium that penetrated 
and replicated within the host’s periplasm and later became the mitochondrion, but experimental 
evidence is lacking.
Adaptations to anaerobic environments
Adaptations to anaerobic environments imply the evolution of anaerobically functioning 
organelles. It is assumed that, in particular, the mitochondrion was a principally aerobic 
organelle that evolved from a symbiotic a-proteobacterium as shown in Figure 2a under a 
substantial gene loss and the transfer of the majority of the residual genes into the nucleus. The 
adaptation of this (proto)-mitochondrion to life under anaerobic circumstances led to its
symbiont’s anaerobic 
hydrogenosomes is
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transformation into a hydrogenosome or a mitosome (see below). This adaptation, in most cases, 
led to a complete loss of the organellar genome and the electron transport chain (Figure 2b), 
besides several changes of the organellar metabolism, which are described in more detail below.
a-proteobacterium
Mitochondrial evolution
Partial gene loss
Figure 2a: According the endosymbiosis theory an ancestor of the a-proteobacteria was adopted by a host cell. 
During this process a large number of genes were lost, a part stayed in the organelle and another part was transferred 
to the nucleus. The organellar genes that were transferred to the nucleus are transcribed, subsequently translated in 
the cytosol, and finally, the protein is imported into the organelle.
a-proteobacterium
Hydrogenosome evolution
Partial gene loss
Figure 2b: In the case of almost all hydrogenosomes all genes were lost from the organelle, requiring all proteins to 
be imported in the organelle.
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Anaerobic Protists: diversity and distribution of hydrogenosomes and related organelles.
Most aerobic eukaryotes possess classical (textbook) mitochondria. It is well known that certain 
eukaryotes with classical mitochondria can adapt to anaerobic/microaerobic conditions by a 
modification of their mitochondrial metabolism, e.g. by the use of alternative electron acceptors 
such as, for example, (environmental) nitrate or (endogenous) fumarate (Tielens, Rotte et al.
2002). Other adaptations imply the loss of mitochondrial genes that are not useful anymore, and 
the acquisition of new genes necessary for the anaerobic metabolism by horizontal gene transfer. 
In recent years at least 16 distinct lineages of anaerobic, unicellular eukaryotes (protists) have 
been identified that contain mitochondrion-related organelles (Hackstein, Tjaden et al. 2006; 
Barbera, Ruiz-Trillo et al. 2007; Hackstein, Baker et al. 2008; Hackstein, de Graaf et al. 2008). 
These organelles can be divided into two groups: hydrogenosomes and mitosomes.
Mitochondrial genomes
Textbook mitochondria are organelles that are surrounded by a double membrane and use 
oxidative phosphorylation to produce ATP. However, there are many (anaerobic) mitochondria 
that can produce ATP without using oxygen as terminal electron acceptor. The end product of 
the electron transport chain in these cases is not H2O but nitrite, nitric oxide or succinate (for 
review see (Tielens, Rotte et al. 2002)). Besides in ATP production, mitochondria play an 
important role in FeS assembly, ion homeostasis, apoptosis and a broad spectrum of metabolic 
pathways. All mitochondria possess a genome that shows that mitochondria are without any 
doubt related to the a-proteobacteria as described above. In contrast to nuclear genomes that 
usually possess several different chromosomes, mitochondrial genomes in general consist of a 
single molecule. However, eukaryotic cells almost always contain more than one mitochondrion 
per cell (average 10-100) and often more than a dozen copies of mtDNA per mitochondrion. This 
high multiplicity of mtDNA within the cell implies that mitochondrial mutations that can be 
caused by free radicals produced as a by-product of oxidative phosphorylation, can accumulate 
gradually without immediate deleterious impact. At the moment (Februari 2010) 3229 complete 
mitochondrial genomes of 2090 distinct organisms have been sequenced according GOBASE 
(http://gobase.bcm.umontreal.ca/). These 2090 different organisms consist of 1296 vertebrata, 
581 invertebrata, 60 plantae, 78 fungi and 75 protists. In 2003 Burger et. al. wrote a review about 
mitochondrial genomes entitled “Mitochondrial genomes: anything goes” (Burger, Gray et al.
2003). In the recent years it became obvious that this conclusion is true. The mitochondrial 
genomes vary in size between 6 Kb in the genome of the human malaria parasite Plasmodium 
falciparum (Feagin 1994) and more than (estimated) 2200 Kb in land plants. The largest 
sequenced mitochondrial genome is that of maize (569630bp); most of the mtDNA consist of 
intergenic regions. These intergenic regions often consist of tandem repeat arrays (Lunt, Whipple 
et al. 1998) or stem-loop motifs (Paquin and Lang 1996). Also introns can play a role in the 
extension of the mitochondrial genome. For example, in the filamentous fungus Podospora 
anserina introns make up 75% of the total size of the mitochondrial DNA (Cummings, McNally 
et al. 1990). The size of most other (non-plant) eukaryotic mitochondrial genomes ranges
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between 15-60 Kb. In contrast to the enormous variance in mitochondrial genome size, the 
coding capacity of mtDNA ranges from 97 genes in the flagellate Reclinomonas americana 
(Lang, Burger et al. 1997) to only 5 in Plasmodium falciparum, the causative agent of malaria 
(Feagin 1994), with an average of 40-50 genes. Genes encoded on mitochondrial genomes can 
be divided by function into five groups:
1. Respiration (oxidative phosphorylation)
2. Translation
3. Transcription
4. RNA maturation
5. Protein import
The majority of the sequenced mitochondrial genomes, especially those of animals, are circular. 
However, also linear mitochondrial genomes are found in very diverse groups of unrelated 
organisms i.e. chlorophycean green algae (like Chlamydomonas), fungi, cnidarian animals 
(jellyfish), apicomplexa (Plasmodium and relatives) and ciliates. These linear molecules contain 
telomere like repeats of varying length that in some cases can be different at both ends (Morin 
and Cech 1988; Nosek, Tomaska et al. 1998). In some cases mitochondrial genomes consist out 
of multiple circular molecules like in Spicellomyces punctutatus (Burger and Lang 2003) or out 
of a large number of linear molecules of different sizes with telomeres as in the fungus like 
organism Amoebidium parasiticum (Lang, O'Kelly et al. 2002). Probably the most complex 
mitochondrial genomes are found in a group of unicellular algae: the dinoflagellates. They 
belong together with the apicomplexa and ciliates to the clade Alveolata and possess a highly 
complex genome structure with pseudogenes, partial gene fragments, transcript editing and a 
dense pattern of inverted repeats (Nash, Nisbet et al. 2008; Waller and Jackson 2009). 
Apicomplexan mitochondrial genomes are the smallest known, 6-7 Kb, and contain only 5 genes, 
three protein coding genes that are part of the electron transport chain complexes (cox1, cox3 and 
cob) and two RNA coding genes, rns and rnl. In Plasmodium species the mtDNA is present as a 
tandemly repeated linear element of 6 kb, but in Theileria parva (a cattle parasite), another 
representative of the apicomplexa, the mtDNA consists of a single linear molecule flanked by 
inverted repeat sequences (Feagin 1994; Feagin 2000). Ribosomal RNA genes in apicomplexa 
are fragmented and rearranged (Feagin 2000), a feature that is also found in dinoflagellates and 
ciliates. The cox2 gene that is not present on the mtDNA is found in six apicomplexans on the 
nuclear genome, as split gene (Funes, Davidson et al. 2002)- a feature that is also found in 
chlamydomonad algae. These data strongly argue that apicomplexan cox2 (a and b) genes are 
derived from green algae (Funes, Davidson et al. 2002). As mentioned before, ciliate 
mitochondrial genomes are much larger and contain many more genes than the apicomplexan 
genomes (~50). At the moment, the complete mitochondrial genomes of Paramecium aurelia 
and of 5 different Tetrahymena species (T. pyriformis, T. thermophila, T. pigmentosa, T. 
paravorax and T. malaccensis) have been sequenced completely (Pritchard, Seilhamer et al.
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1990; Burger, Zhu et al. 2000; Brunk, Lee et al. 2003; Moradian, Beglaryan et al. 2007). In this 
thesis, the nearly complete mitochondrial genome of Euplotes minuta and a large part of the 
mitochondrial genome of Euplotes crassus are described and discussed in chapter 2 (de Graaf, 
van Alen et al. 2009). We can conclude that, in general, ciliate mitochondrial genomes have a 
length between 40 and 50 Kb. So far, all have a linear mitochondrial genome capped with 
telomere like repeats that vary substantially in length (Morin and Cech 1988; Morin and Cech 
1988). The ciliate mitochondrial genomes harbor tightly packed genes, only 4% of the genomes 
consist of intergenic spacers. The rRNA genes are fragmented just like in the apicomplexa 
although this could not be shown in Euplotes. All investigated ciliates possess the same set of 
complex I genes (nad1, nad2, nad3, nad4, nad4L, nad5, nad7, nad9, nad10) with exception of 
nad6 that could only be identified in Paramecium and Tetrahymena species. Another special 
feature in the ciliates seems to be the presence of a split nad1 gene that is identified in all of them 
(Gray, Lang et al. 2004; de Graaf, van Alen et al. 2009). In contrast to many animals and most 
fungi (Gray, Burger et al. 1999) a set of mitochondrial ribosomal proteins (between 7 and 9) is 
found in all ciliate mitochondrial genomes. Five of them, (rps3, rps12, rpl2, rpl14, rpl16) were 
found in all sequenced mitochondrial genomes of ciliates. From the complex III and IV genes, 
cox1, cox2 and cob are present, but cox3 is never found on ciliate mitochondrial genomes or on 
the nuclear genome of T. thermophila. The Cox3 protein could also not be identified in the 
mitochondrial proteome of T. thermophila (Smith, Gawryluk et al. 2007) which is remarkable 
because in apicomplexa and dinoflagellates it is located on the mitochondrial genomes. The 
deduced Cox1 and Cox2 proteins in ciliates harbor large inserts in frame or, as mentioned by 
Pritchard et. al. (Pritchard, Seilhamer et al. 1990), in-frame upstream ORFs in Paramecium. The 
presence of these inserts seems to be a ciliate specific feature because even larger inserts were 
found in Euplotes (chapter 2 (de Graaf, van Alen et al. 2009)). Another cytochrome-c related 
gene that is found on all ciliate mitochondrial genomes is ccmF/yejR, a cytochrome c assembly 
protein that encodes the potential catalytic subunit of cytochrome c lyase. From mitochondrial 
complex V only the atp9 gene is located on the organellar genome of all ciliates. A set of 
mitochondrially located genes present in ciliates are tRNAs of which only a limited number (4-7) 
is present; it can be concluded that all other tRNAs are located on the nuclear genome and must 
be imported. Four of these genes are present on all ciliate mitochondrial genomes studied so far 
(trnF, trnM, trnW, trnY). Finally a large set of unidentified ORFs are located on the ciliate 
mitochondrial genomes. Thirteen of them have been described as ciliate specific based on 
analyses of the mitochondrial genomes of Tetrahymena and Paramecium (Burger, Zhu et al. 
2000; Gray, Lang et al. 2004), but after the analysis of the Euplotes mitochondrial genomes this 
seems no longer valid. The same can be concluded for the gene-order on the mitochondrial 
genomes of ciliates, which is not conserved. Comparing the Tetrahymena and Paramecium 
mitochondrial genomes the gene-order is conserved, but as will be shown in chapter 2 , when 
compared to the Euplotes species, it is different. In the chapters 3 and 4 of this thesis we present 
the organellar genome of the anaerobic hydrogen producing ciliate Nyctotherus ovalis that shows 
completely new aspects of the mitochondrial genome structure and metabolism. In general, it can
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be concluded that mitochondrial genomes -  even among ciliates -  can be very different and it is 
becoming more obvious than ever before that “ anything goes” in mitochondrial genomes.
Hydrogenosomes
Hydrogenosomes are double membrane bound organelles that produce hydrogen and ATP 
(Müller 1993). They are found in some anaerobic (microaerophilic) unicellular eukaryotes that 
represent a broad spectrum of species. Within the Excavata three unrelated species with 
hydrogenosomes have been identified (Figure 3): the heterolobosean amoeboflagellate 
Psalteriomonas lanterna, the preaxostylid flagellate Trimastix pyriformis, and the parabasalid 
flagellate Trichomonas vaginalis with its relatives Tritrichomonas foetus, Monocercomonas sp. 
and Histomonas meleagridis. Within the Chromalveolata several anaerobic ciliates with 
hydrogenosomes evolved from different aerobic ancestors. One of them, that thrives in the 
microaerophilic hindgut of cockroaches, Nyctotherus ovalis, (Figure 4) will be discussed 
extensively in chapters 3, 4 and 5 of this thesis because it contains a hydrogenosome with a 
mitochondrial genome (Akhmanova, Voncken et al. 1998; Boxma, de Graaf et al. 2005). 
Recently, in the the stramenopile Blastocystis another member of the Chromalveolata with 
hydrogenosomes that is unrelated to the ciliates, an organellar genome was identified (Perez- 
Brocal and Clark 2008; Stechmann, Hamblin et al. 2008; Wawrzyniak, Roussel et al. 2008), a 
striking example of convergent evolution. In the anaerobic chytridiomycete fungi Piromyces sp. 
and Neocallimastix sp, that belong to the Unikonta, hydrogenosomes (without a genome) were 
identified (Müller 1993). These organisms are phylogenetically related to aerobic fungi with 
“ classical mitochondria” and to fungi-related anaerobic organisms (Microsporidia) that possess 
mitosomes. So far, hydrogenosomes were not identified in multicellular organisms. However, 
very recently organelles resembling hydrogenosomes were identified in an anaerobic 
multicellular organism belonging to the animal phylum Loricefera, which lives under anaerobic 
conditions in the deep sea. I f  this interpretation is correct, this would be the first metazoon with 
hydrogenosomes (Danovaro, Dell'anno et al. 2010). Here we will first describe the different 
hydrogenosomes of unicellular organisms and later discuss the mitosomes.
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E xcavatai-  Oxymonadida Trimastix (H) 
j -  Trichomonas (H)
Giardia (MS)
—  Malawimonadida
j-Euglenozoa (Euglena*, Leishmania, Trypanosoma) 
Heterolobosea (Psalteriomonas (H), Naegleria#)
—  Reciinomonas
j—  Chlorophyta* Plantae
'—  Viridiplantae
-  Apicomplexa {Plasmodium) Chrom alveolata 
r -  Cryptosporidium ' '
L  Dinoflagellata
— Ciliophora - aerobic (Tetrahymena, Euplotus, Paramecium) 
anaerobic (Nyctotherus ovalis (H*))
- Stramenopila (Blastocystis (H*))
i— Foraminifera R h izaria
-L -  Gromiidea
Cercozoa
j—  Entamoeba (MS) Amoebozoa
'—  Mastigamoeba (MS)
Fungi - Microsporidia (Encephalitozoon cunicuii (MS)) 
Neocallimastix (H), Piromyces (H)
Saccharomyces cerevisiae ~ . , 1 
Metazoa - Homo sapiens O p is tn O K O n ta
Loricifera (Spinoloricus (H)A)
Figure 3: Schematic cladogram of eukaryotes indicating that hydrogenosomes (H) and mitosomes (MS) are 
widespread in the empire of eukaryotes and associated (in most cases) with related eukaryotes with “textbook” 
mitochondria. H* indicates hydrogenosomes with a mitochondrial genome, ♦ some single celled algae, like 
Scenedesmus possess hydrogenases in their chloroplasts (Ghirardi, Posewitz et al. 2007), # Naegleria contains a 
hydrogenase.A potentially hydrogenosome containing species.
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The name hydrogenosome was introduced by Lindmark and Müller in 1973 (Lindmark and 
Müller 1973) for subcellular particles resembling microbodies that play a central role in pyruvate 
degradation and generate electrons for the production of hydrogen from protons in 
Tritrichomonas foetus. This organism is a close relative of the human parasite Trichomonas 
vaginalis that was later intensively investigated and of which recently the complete genome has 
been sequenced (Carlton, Hirt et al. 2007) and the hydrogenosomal proteome analyzed (Henze
2007). The combination of these data made it possible to reconstruct the hydrogenosomal 
metabolism (Table 1). About 200 proteins could be identified that are involved in the 
hydrogenosomal metabolism of Trichomonas, only approximately 12% of what is found in the 
human mitochondrial proteome (Henze 2007). The trichomonad hydrogenosomes import 
pyruvate and malate (Hrdy, Tachezy et al. 2007). Malate is decarboxylated to pyruvate by a 
NAD-dependent malic enzyme inside the hydrogenosome. The initial step in the catabolism of 
pyruvate is the oxidative decarboxylation by the pyruvate:ferredoxin oxidoreductase (PFO) to 
acetyl-CoA and CO2. The reduced ferredoxin is reoxidized by a [FeFe] hydrogenase. The 
genome of T. vaginalis encodes 5 [FeFe] hydrogenases with hydrogenosomal targeting signals. It 
is assumed that one or the other hydrogenase reacts directly with NADH, potentially involving 
ferredoxin and the 24kD and 51kD proteins that are orthologous to the corresponding subunits of 
a mitochondrial Complex I (Hrdy, Hirt et al. 2004). The next step in the catabolism of pyruvate 
is the formation of acetate from acetyl-CoA with the simultaneous transfer of the CoA moiety to 
succinate. This reaction is catalyzed by the enzyme ASCT (acetate:succinate CoA-transferase). 
The corresponding gene was not identified in the draft genome version. However, recently the 
gene and the enzyme have been identified and characterized in detail (van Grinsven, Rosnowsky 
et al. 2008). The succinyl CoA synthetase uses the energy-rich CoA bond for the generation of 
ATP/GTP from ADP/GDP. It is the only enzyme of Trichomonas also known from the TCA 
cycle of aerobic mitochondria. It regenerates succinate for the reaction with ASCT. The acetate 
that is formed by the action of ASCT is excreted by a so far unidentified transporter.
Some components of other mitochondria related metabolic pathways have been identified. For 
example: Fe-S cluster synthesizing proteins, Glycine Cleavage System components, components 
of a defence system against Reactive Oxygen Species (ROS) and a number of genes encoding 
organellar import proteins (see table 1 ).
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Table 1: Distribution of mitochondrial derived genes in organisms with hydrogenosomes or mitosomes.
Protistan
group Species Organelle Genome
Mitochondrial derived
genes
Anaerobic
metabolism
Entamoeba
Entamoeba 
histolytica( * M No
Cpn60, Cpnl0,Hsp70, MDH, NifS, 
NifU, PNT, ME, ACS,
PFO l, PF02, 
hydrogenase
Pelobionts
Mastigamoeba
balamuthi M No
Cpn60, CpnlO, M gelp, MDH, 
Aconitase, ICDH, SDHb, SDHc 
PC, NifS, NifU, AKL, SHMT, 
GCS-H, GCS-L, GCS-T, GCS-P, 
IVDH, Fd, PNT, ME, ACS,
PFO l, PF02, 
hydrogenase
Microsporidia
Encephalitozoon
cuniculi0' M No
PD H E la, PD H E lp, ATM Ip, 
!scU, IscS, Fd, frataxin, Ferredoxin, 
Hsp70, ERV lp, Tim22, Tom70, 
IMP-2, NADPH-FOR, MnSOD, 
NTT3
Antonospora 
locustae(B| M
PD H E la, PD H E lp, Hsp70, 
T1M22,, Fd, G3PDH, frataxin, 
IscU, NADPH-FOR, IscS, pyruvate 
importer, 1MP2, ATM1, 
MnSOD,modified AACK ’
Apicomplexa
Cryptosporidium
parvumiDi Mr No
AOX, PNT, IscU, IscS, Fd, MDH, 
Hsp60, Hsp70
PNO, Narf-like 
hydrogenase
Diplomonads
Giardia
intestinalis M No
IscU, IscS, Cpn60, Hsp70, Fd„ 
M PP.Pam lS, TOM40(E) PFO, hydrogenase
Spironucleus M No GroEl(Hsp60/Cpn60), NifS(F)
Parabasalids
Trichomonas
vaginalis H No
Hmp31, Hmp35, CpnlO, Hsp20 
Hsp60, Hsp70, IscU, IscS, 51kDa, 
24kDa, MPP, Paml8, SamSO, 
Tim23, Tim44, Fd, ScoAa, ScoAp, 
ME, ASCT, AK, PDH E2, GCS-H, 
MHF, ALAT, STK, SHMT, Arg- 
deimitiase, IscA, IscU, IscS, NifU, 
frataxin, MnSOD, Rr, Px, 
thioredoxin, GLO, GK!l" PFO, hydrogenase
Chydtrid fungi
Neocallimastix
spp. H No Hsp70, Hsp60, AAC, ScoA(a+P) PFL, hydrogenase
Piromyces spp. H No
Hsp60, Hsp90, AAC, ME, 
ScoA(a+p), 51,kDa, SHMT, 
GDH,(k) PFL, hydrogenase
Ciliophora
Nyctotherus
ovalis H Yes
PDH-Ela/Eip/E2/E3,AK,LDH, 
ME,mtCl, mtC2, mtRP, mttRNA, 
mt-ras, mt-ml, MMCoA, PCoA, 
SCOT, LCFA-CoA, GK, GCS-L, 
GCS-H, GCS-T, SHMT, OIDa, 
OIDp.BC, BCAA, ALAT, GDH, 
CS, SP, MHF, ACS, adrenodoxin, 
mtPepa, FtsJ, FtsH, PPI, HsplO, 
Hsp60, Hsp70, Hsp90, AAC. PET8, 
OGCP, ROS, uracii-DNA 
glycosylase, EfTu, cyt-C, PC, 
G3PDH, FUS3, MPV17, and less 
common mt genes (see chapter 4) hydrogenase
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Protistan
group Spccies Organelle Genome
Mitochondrial derived
genes
Anaerobic
metabolism
Heterokonts
Blastocystis
hominis H Yes
PDH-E1 a/E2/E3 ,mtC2, mtRP, 
mttRNA, mt-rns, mt-ml, AOX, 
PNT, frataxin, Fd, Grx5, IscS,
Isca2, ABC transporters, M m tl, 
MDH, FUM, SCoa/ß, DT A, ALAT, 
SH M T ,, GCS-H, GCS-L, GCS-T, 
GCS-P, SerDH, ThrDH, BCCA, 
ICoADH, PCCa, 3-HBDH, MUT, 
Hsp70, TOM70, TIM50, TIM21, 
TIM 17,TIM 9, MP1, OXA1,
ASCT, ACS, glyoxalasel and II,
PC, enoyl-CoA hydratase, Trans-2- 
enoyl-CoA reductase, ALDH, long 
chain fatty acid CoA ligase, ACC, 
MAT, MSD1, LARS, EfTu, EfG, 
IF-2, TFa, MRF1, MSS1, M TO l, 
OGCP, G3PDH, M cartl, Aralar, 
several other cariers,and less 
common mt genes (see chapter 4) PFO, hydrogenase
Carpediemonas
Carpediemonas
membranifera H Hsp90(H)
Tri masti x
Trimaslix 
priformis<0) H
Aconitase, GCS-L, GCS-H, GCS- 
T, GCS-P, lipoyltransferase, PNT, 
TOM40, MPP, Cpn60, mtCariers? PFO, hydrogenase
Heterolobsea
Psalteriomonas
lanterna H No
Hsp60, AAC, SlkDa, PCCB, GDI1, 
EfTua, PFO, hydrogenase
(A): (Gill, Diaz-Trivino et al. 2007)
(B): (Williams and Keeling 2005)
(C): (Williams, Haferkamp et al. 2008)
(D): (Henriquez, Richards et al. 2005)
(E): (Dagley, Dolezal et al. 2009)
(F): (Andersson, Sjogren et al. 2007)
(G): (Hampl, Silberman et al. 2008)
(H): (Kolisko, Cepicka et al. 2008)
(I): (Barbera, Ruiz-Trillo et al. 2007)
(J): (Carlton, Hirt et al. 2007)
(k): (new results presented in this introduction)
Cpn60: Chaperonin 60, Cpn10: Chaperonin 10, Hsp: Heat Shock Protein, Mgelp: nucleotide exchange factor for 
Hsp70, MDH: Malate dehydrogenase, LDH: Lactate dehydrogenase, AK: adenylate kinase, ICDH: Isocitrate, SDH: 
Succinate dehydrogenase, PC: Pyruvate carboxylase, Nif: Fe/S assembly, Isc: Fe/S assembly, AKL: a-amino-ß- 
ketobutyrate, CoA ligase SHMT: Serine hydroxymethyltransferase, GCS: Glycine cleavage system, IVDH: 
Isovaleryl-/CoA-dehydrogenase, Fd: Ferrodoxin, PNT: Pyridine nucleotide transhydrogenase, ME: Malic enzyme, 
ACS: Acetyl-CoA synthetase, PFO: Pyruvate:Ferredoxin Oxidoreductase, Hyd: Hydrogenase, mtCl: mitochondrial 
complex 1, mtC2: mitochondrial complex 2, mtRP: set of mitochondrial proteins, mttRNA: set of mitochondrial 
tRNA’s, MMCoA: Methylmalonyl-CoA mutase, PCoA: Propionyl CoA carboxylase, SCOT: Succinyl- 
CoA:ketoacid-CoA transferase, LCFA-CoA: longchain-fatty-acid CoAligase, GK: Glycerolkinase, OID: 2- 
oxoisovalerate dehydrogenase, BC: Branched chain a-keto acid dihydrolipoyl acyltransferase, BCCA: Branched 
chain aa aminotransferase, ALAT: Alanine aminotransferase, GDH: glutamate dehydrogenase, CS: Cystathione ß- 
synthetase, SP: saccharopepsin, MHF: Methenyltetrahydrofolate, mtPepa: mitochondrial processing peptidase-a, 
PPI: peptidyl-prolyl cis-trans isomerase, AAC: ADP-ATP carier, OGCP: 2-oxoglutarate-malate carier, ROS:
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components of ROS defense system, EfTu: Elongation factor Tu, Cyt-C: Cytochrome C, G3PDH: Glycerol-3- 
phosphate dehydrogenase, IMP2: Inner mitochondrial membrane peptidase2, ATM1: mitochondrial ABC 
transporter, NADPH-FOR: NADPH adrenodoxin oxidoreductase, MnSOD: Superoxide dismutase Mn, MPP: 
mitochondrial processing protease, AOX: alternative oxidase, STK: succinate thiokinase, Grx5: Glutaredoxin, 
Mmtl: mitochondrial metal transporter 1, FUM: fumarate hydratase, ScoA: Succinyl CoA synthetase, DTA: 
Aspartate aminotransferase, SerDH: Serine dehydrogenase, ThrDH: Threonine dehydrogenase, ICoADH: 
Isovaleryl-CoA dehydrogenase, PCCa: propionyl CoAcarboxylase a  chain, 3-HBDH: 3-hydroxyisobutyrate 
dehydrogenase, MUT: methylmalonyl-CoA mutase, MP1: Metalloprotease 1, OXA1: Oxidase assembly like protein, 
ASCT: Acetate:succinate CoA transferase, ALDH: Aldehyde dehydrogenase, ACC: Acetyl-CoA-carboxylase, 
MAT: Malonyl-CoA carboxylase, MSD1: Aspartate tRNA ligase, LARS: Leucyl tRNA synthase, EfG: Translation 
initiation factor G, IF-2: Translation initiation factor 2, Tfa: Transcriptionfactor A, Aralar: Aspartate/Malate carier, 
MPP matrix processing peptidase, PAM18:presequence translocase-associated motor, Sam50: Sorting and 
Assembling Machinery, Rr: Rubrerythrin, Px: thioperoxidase, GLO: glyoxylase, NTT3: nucleotide transporter.
Trimastix pyriformis is, just like the trichomonads, another member of the Excavata, but rather 
unrelated to the trichomonads. This organism belongs to the Preaxostyla, a poorly investigated 
subgroup of the Excavata that was believed to represent a primitive pre-mitochondrial lineage of 
eukaryotes (Embley and Martin 2006; Hampl, Hug et al. 2009). However, a recent EST study 
(Hampl, Silberman et al. 2008) definitively revealed a mitochondrial ancestory for the 
hydrogenosomes in this organism (Table 1). Hampl et. al. identified a highly-expressed [FeFe] 
hydrogenase in combination with two enzymes involved in the maturation of [FeFe] 
hydrogenases. Also a pyruvate:ferredoxin oxidoreductase (PFO) was found in this EST study. 
The localization of both enzymes has not yet been studied. Thus, it remains unclear as to whether 
the hydrogenase and the PFO are localized in the putative hydrogenosomes or in the cytoplasm. 
Notwithstanding, the presence of highly expressed hydrogenase and PFO genes suggests that the 
double-membrane-bound organelles in Trimastix are hydrogenosomes that have a metabolism 
similar to Trichomonads. Notably, four proteins belonging to the glycine cleavage system (GCS) 
have been identified; the GCS is characteristic for mitochondria and is also present in the 
hydrogenosomes of Trichomonas, Blastocystis, and Nyctotherus, and the mitosomes of 
Mastigamoeba balamuthi. Further support for a mitochondrial/hydrogenosomal nature of the 
organelles comes from the presence of three genes encoding mitochondrial carriers, three genes 
encoding components of an organellar (mitochondrial) import machinery (TOM40, MPP, 
Hsp60), a lipoyl transferase, and a pyridine nucleotide transhydrogenase alpha. In addition, a 
gene encoding the TCA cycle enzyme aconitase was found that contrasts with the 
hydrogenosomes of Trichomonas , which does not possess TCA cycle enzymes except SCS 
(Succinyl CoA synthetase) (Carlton, Hirt et al. 2007; Hampl, Silberman et al. 2008). All the data 
discussed above indicate that without doubt the organelles in Trimastix pyriformis are related to 
mitochondria that retained a unique set of mitochondrial genes. The available data are not 
sufficient to definitively identify these organelles as hydrogenosomes as that depends on the 
localization of the hydrogenase protein.
Another eukaryotic member of the Excavata that harbours hydrogenosomes is the 
microaerophilic amoeboflagellate Psalteriomonas lanterna (Broers CAM, Stumm CK et al.
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1990; Broers CAM 1992). This free-living freshwater eukaryote is related to the aerobic 
heterolobsean amoeboflagellates Naegleria gruberi and Naegleria fowleri (see Figure 3) that can 
cause severe meningitis. Genes identified related to the organellar metabolism can be found in 
Table 1. These genes and other hydrogenosomal features will be discussed in chapter 6 of this 
thesis.
In the very diverse group of fungi, most of the investigated aerobic fungi possess mitochondria 
that can perform oxidative phosphorylation. However in the anaerobically functioning 
chytridiomycete fungi there are some that harbour hydrogenosomes and cluster phylogenetically 
clearly with the aerobic chytridiomycete fungi. These organisms are found in the intestinal tract 
of herbivorous mammals like cattle, deer, sheep etc. but also in marsupials. The best investigated 
microaerophilic chytridiomycete fungi are Neocallimastix sp. and Piromyces E2. Their 
hydrogenosomes produce ATP by substrate level phosphorylation and hydrogen together with 
CO2, formate and acetate as end products of their organellar metabolism. The whole organism 
produces succinate, lactate and ethanol when growing on cellulose, glucose or fructose. These 
hydrogenosomes differ in metabolic properties from other hydrogenosomes by the presence of a 
PFL as key enzyme, and not PDH (as in Nyctotherus ovalis) or PFO (as in Trichomonas) (Table 
1). Experiments using [6-14C]-glucose and [U-14C]-glucose indicated that an incomplete TCA 
cycle operates in the reductive mode allowing the formation of succinate from oxaloacetate via a 
malate intermediate. Since the formation of significant amounts of labelled CO2 could be 
excluded while formate and acetate plus ethanol were formed in a 1:1 ratio (Boxma, Voncken et 
al. 2004), it must be concluded that PFL and not pyruvate:ferredoxin oxidoreductase (PFO) or 
pyruvate dehydrogenase (PDH) play the central role in the hydrogenosomal metabolism. The 
activity of the latter enzymes would have generated one molecule of labelled carbon dioxide per 
molecule of pyruvate degraded. However, less than 1% of the expected amount could be 
measured (Boxma, Voncken et al. 2004). The observation that the hydrogenosomal PFL and the 
cytoplasmic ADHE are the key enzymes in the degradation of carbohydrates by anaerobic 
chytrids reveals that the metabolism of these hydrogenosomes is fundamentally different from 
the hydrogenosomal metabolism in both trichomonads and N. ovalis-like ciliates. Hydrogen 
formation depends solely on the import of malate into the hydrogenosome, where malate is 
decarboxylated by malic enzyme, which provides the electrons for the reduction of H+ to 
hydrogen. Recently, a large number of sequences (>17000) from an EST study of Piromyces E2 
have become available on Genbank by the DOE Joint Genome Institute. A preliminary screen 
showed that many clones with sequence similarity to NADP-dependent malic enzyme could be 
identified. Other hydrogenosomal genes identified in this screen are: succinyl-CoA synthetase a 
and P subunit, elongation factor 1-alpha and ADP/ATP carier; all were already identified in 
Neocallimastix sp. Additional mitochondrial genes found were: the 51kD complex I subunit, 
serine hydroxymethyltransferase, NADP-specific glutamate dehydrogenase and Hsp 90. Many 
clones were identified with sequence similarity to the previously identified [FeFe]-hydrogenase 
and PFL genes. Among the Piromyces ESTs there are no sequences with significant similarity to
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either a PFO gene or any of the PDH subunit encoding genes. It can therefore be concluded that 
the hydrogenosomes of the chytrid fungi have a fungal mitochondrial ancestor and a different 
organellar metabolism than other hydrogenosomes.
In the eukaryotic supergroup Chromalveolata many organisms with hydrogenosomes have been 
identified so far. Almost al of them belong to the ciliates but one of them is a gut parasite: the 
stramenopile Blastocystis sp. that is not related to ciliates. This organism harbours organelles 
with a mitochondrial genome that lacks genes encoding proteins of mitochondrial Complex III, 
IV and V of the respiratory chain (Perez-Brocal and Clark 2008; Wawrzyniak, Roussel et al. 
2008). The hydrogenosomal key enzyme, an [FeFe] hydrogenase, could be identified in an EST 
study and localized in the organelle by cytohistochemistry. However, hydrogenase activity has 
not been detected so far (Lantsman, Tan et al. 2008). Also, the EST analysis provided evidence 
for the presence of a pyruvate:ferredoxin oxidoreductase (PFO) (Table 1). Enzymatic studies, 
however, did reveal pyruvate:NADP oxidoreductase (PNO) activity instead of PFO activity. 
PNO is as PFO a strictly anaerobic enzyme that decarboxylates pyruvate. It has been found also 
in the mitochondrial remnants of Cryptosporidium sp. and the mitochondria of Euglena gracilis. 
In Blastocystis, PNO decarboxylates pyruvate to acetyl-CoA and CO2; acetyl-CoA is 
metabolised by the “hydrogenosomal” enzyme ASCT (acetate:succinate CoA-transferase) to 
acetate. The CoA moiety is transferred to succinate that is recycled via a SCS. This is a typical 
hydrogenosomal pathway, and some of the corresponding genes have significant sequence 
similarity to the homologous genes of Trichomonas. Also the malic enzyme activity is a 
hydrogenosomal trait. A corresponding EST, however, has not been identified. The organelles 
host an incomplete TCA cycle. The EST studies provided evidence for SCS, succinate 
dehydrogenase (SDH), fumarase (Fum) and malate dehydrogenase (MDH) genes, but enzymatic 
studies revealed enzymatic activity of aconitase, isocitrate dehydrogenase, and a-ketoglutarate 
dehydrogenase in addition to the STK/SCS activity. A SDH activity was not observed, although 
the EST studies revealed the presence of all four subunits of a mitochondrial Complex II. The 
EST study in combination with sequence analyses of the organellar genome revealed 16 
mitochondrial Complex I genes, 10 of which were encoded on the organellar genome. 
Remarkably, mitochondrial Complex III, IV and V genes were not found. Because an alternative 
oxidase was identified, it is likely that Blastocystis has an incomplete electron transport chain 
consisting of Complex I, II and the alternative oxidase. The metabolism of Blastocystis possesses 
a combination of mitochondrial and hydrogenosomal characteristics, but the presence of a 
mitochondrial genome makes it, just as will be shown in this thesis for Nyctotherus ovalis, a 
missing link between mitochondria and hydrogenosomes (Table 1).
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Figure 4: Electron micrograph of Nyctotherus ovalis (A). Insert (B) a hydrogenosome, scale bar represents 0.5 ^m. 
H: hydrogenosomes, ma: macronucleus, mi: micronucleus, cs: cytostome, pv: pulsating vacuole (Reprinted by 
permission from Macmillan Publishers Ltd: Nature (Akhmanova, Voncken et al. 1998), copyright 1998).
Ciliates form a very species-rich monophyletic group of unicellular eukaryotes that belongs to 
the Chromalveolata, just like the rather unrelated stramenopile Blastocystis. The genomes of the 
aerobic model organisms Tetrahymena sp. and Paramecium sp. (discovered by Anthony van 
Leeuwenhoek) have been sequenced completely. Ciliates possess a very complex genetic system 
with two nuclei: a micronucleus that represents the germline with high molecular weight DNA 
and a macronucleus with lower molecular weight DNA that is transcriptionally active during 
somatic development. The macronucleus contains many copies of subchromosomal fragments 
that in Tetrahymena sp. and Paramecium sp. have a size between 50 and 1500 Kb (Eisen, Coyne 
et al. 2006). In other ciliates like Euplotes sp., Oxytricha and Nyctotherus they can be present as 
“gene-sized” pieces (Prescott 1994). Macronuclei are generated from the post conjugation 
micronuclei in a complex process that involves DNA elimination and large scale genomic 
rearrangements (Prescott 1994; Nowacki, Vijayan et al. 2008). The macronuclear genome 
organization of the anaerobic ciliate Nyctotherus ovalis that thrives in the hindgut of cockroaches 
has been studied extensively and is described in chapter 5 of this thesis (Ricard, de Graaf et al.
2008). Another group of anaerobic ciliates that forms a monophyletic group are the rumen
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ciliates, such as for example Dasytricha, Isotricha, Epidinium and Eudiplodinium, but not all of 
them possess hydrogenosomes (Yarlett, Lloyd et al. 1985; Strüder-Kypke, Wright et al. 2006). 
The main end products of the metabolism of exogenously added glucose as well as of 
intracellular amylopectine of rumen ciliates with hydrogenosomes are hydrogen, acetate, lactate, 
butyrate and CO2 (Yarlett, Lloyd et al. 1985). The investigated rumen ciliates are able to use 
oxygen as terminal electron acceptor. The nature of the terminal oxidase is still unknown, but 
cytochromes appear not to be involved. Dasytricha ruminantium is the best studied rumen 
ciliate, but even the knowledge of the metabolism of this rumen ciliate is still far from complete. 
The enzyme used for the degradation of pyruvate to acetyl-CoA in this protist is suggested to be 
PFO, which has been identified tentatively in the hydrogenosomal fraction of cellular extracts 
(Yarlett, Hann et al. 1981; Yarlett, Lloyd et al. 1982; Yarlett, Lloyd et al. 1985). A hypothetical 
scheme for the hydrogenosomal metabolism of the holotrich rumen ciliate Dasytricha is based 
on various studies. The scheme is remarkable as it requires the export of acetyl-CoA from the 
hydrogenosome for the formation of butyryl-CoA. This butyryl-CoA is then used for the 
production of butyrate, which is accompanied by the production of ATP (Yarlett, Lloyd et al. 
1985; Ellis, McIntyre et al. 1991; Ellis, McIntyre et al. 1991). These aspects make this 
hydrogenosome of rumen ciliates very different from that of Nyctotherus and also different from 
the hydrogenosomes of Trichomonas and the anaerobic chytrids.
The last organism that has to be mentioned briefly is Trimyema compressum, a free living 
plagiopylid ciliate that possesses hydrogenosomes and consumes oxygen under micro-aerobic 
conditions. A metabolic study showed that T. compressum produces formate as the major end 
product with minor amounts of acetate and lactate (Goosen, van der Drift et al. 1990). Under 
these micro-aerobic conditions hydrogen and ethanol are not produced. Under strictly anaerobic 
conditions, however, ethanol is the main end product, while acetate, lactate, formate and 
hydrogen are then formed in minor amounts (Goosen, van der Drift et al. 1990). This pattern of 
anaerobic fermentation products resembles the one found in anaerobic chytridiomycete fungi. 
These fungi perform a bacterial type mixed acids fermentation, using PFL for the degradation of 
pyruvate, instead of PDH or PFO, which is used by N. ovalis and Trichomonas, respectively. 
Albeit that no additional biochemical or molecular biological data are available and that no cell 
fractionation studies have been performed, it is likely that the plagiopylids evolved a type of 
hydrogenosome that is clearly different from those of Nyctotherus and Dasytricha.
Mitosomes
Mitosomes were for the first time identified in Entamoeba histolytica, a human parasite, that 
possesses a set of “mitochondrial” genes, but lacks mitochondrial genes like those for oxidative 
phosphorylation (Mai, Ghosh et al. 1999; Tovar, Fischer et al. 1999) Most eukaryotes with 
mitosomes are parasites, and in these cells mitosomes are abundant. However, the function of 
these organelles is elusive. The only known function of mitosomes seemed to be FeS cluster 
synthesis, but recently exceptions on this feature have been found. Gill et al. (Gill, Diaz-Trivino 
et al. 2007) identified two unusual components of the iron-sulfur assembly apparatus (NifS and
27
NifU) in Mastigamoeba balamuthi just like in Entamoeba histolytica. These genes were 
acquired by horizontal gene transfer from epsilon-proteobacteria. Also, these proteins do not 
contain mitochondrial targeting signals indicating that they probably are located in the 
cytoplasm. However, in another recently published paper (Maralikova, Ali et al. 2009) it is 
shown by immunomicroscopy and biochemical methods that their proteins are present in a 10x 
higher concentration in the mitosomes than in the cytosol. It seems that, although the original 
mitochondrial FeS cluster genes were replaced by bacterial ones in these organisms, the 
mitosomes still play an important role in FeS cluster syntheses. Another example of the 
hydrogenosomal relation of these mitosomes is the presence of one or more [FeFe] hydrogenases 
(Table 1). In both cases it is not proven that hydrogen production occurs and the localization of 
this protein in Entamoeba histolytica is probably cytoplasmatic because no mitochondrial 
targeting signal could be identified. In the phylogenetically related Mastigamoeba balamuthi the 
N terminal part of this gene is incomplete; therefore, a potential targeting signal could not be 
predicted. The presence of N-terminal extensions with sequence similarity to mitochondrial 
targeting peptides for PNT (Pyridine nucleotide transhydrogenase) and Cpn60 in E. histolytica 
was the first indication for a mitochondrial ancestor of these mitosomes. In 1999 it was proven 
that Cpn60 was unequivocally localized in the mitosomes (Mai, Ghosh et al. 1999; Tovar, 
Fischer et al. 1999) Later it has been shown that the organelle did not participate in energy 
metabolism. It seems that energy conversion is cytosolic and only by substrate level 
phosphorylation (Müller 1998).
In the EST project from Mastigamoeba balamuthi a much larger amount of mitochondrion- 
related genes were identified than in Entamoeba histolytica, of which a complete genome is 
known (Table 1). For example, all components of a mitochondrial Glycine Cleavage System 
(GCS) have been identified, furthermore malate dehydrogenase, SDHb and SDHc, several 
components of a TCA cycle and acetyl CoA synthetase. I f  the [FeFe] hydrogenase of M. 
balamuthi can be located in the organelles, then these organelles must be classified as be 
hydrogenosomes. This indicates in any case that Entamoeba histolytica possesses a more 
reduced mitosomal metabolism and thus represents a further step in the mitochondrial adaptation 
to anaerobic environments.
Within the protistan group of microsporidia, which contains thousands of species of unicellular, 
intracellular parasitic eukaryotes, the best investigated organisms are Encephalitozoon cuniculi 
(Katinka, Duprat et al. 2001), of which the complete genome is known, and Antonospora, of 
which an extended EST study was performed (Williams and Keeling 2005). The microsporidian 
metabolism is highly reduced. Although the glycolytic pathway is conserved, TCA cycle 
enzymes are completely absent. Another major difference with other eukaryotes with mitosomes 
is the absence of a hydrogenase and PFO. Instead of PFO, two PDH-E1 subuntis (a and ß) were 
identified but the other PDH subunits seem to be absent (Table 1). It is unclear how pyruvate 
decarboxylation can take place without these subunits. In Antonospora locustae a transporter for 
pyruvate into the organelle is found that could be an indication that the last steps of glucose
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metabolism could be compartmentalized. Other mitochondrial transporters were identified, for 
example TIM 22 was identified in both species and TOM 70 only in Encephalitozoon cuniculi. 
Because of incompleteness of the genome data of Antonospora locustae it is difficult to say 
something about similarity and differences of the mitosomal metabolism of these two 
microsporidia, but the similarity is considerable and without doubt a mitochondrial relation 
exists. However, this does not tell us anything about the diversity of these organelles within the 
group of microsporidia and more research on other microsporidian species will be necessary.
Cryptosporidium parvum belongs to another group of eukaryotes in which most organisms 
possess aerobic mitochondria: the apicomplexa. These protists share a common ancestor with 
dinoflagellates and ciliates that together constitute the clade Alveolata. C. parvum is a parasite 
that can infect humans and contains only a single “mitochondrial remnant” organelle per cell. 
Although the complete genome of C. parvum  has been sequenced, the organellar metabolism is 
not completely understood. Glycolysis seems to be the major pathway of the energy metabolism 
because of lack of a functional TCA cycle and electron transport chain. Nothwithstanding, some 
components of the oxidative phosphorylation pathway were indentified (Table 1). Pyruvate is 
converted into acetyl-CoA by a PNO (an pyruvate:NADPH oxidoreductase) that possess an N- 
terminal PFO domain that is fused with a C-terminal NADPH-cytochrome P450 reductase 
domain (Abrahamsen, Templeton et al. 2004). Remarkably, the same fusion protein has been 
identified in the aerobic protist Euglena gracilis, an organism that belongs to the Euglenozoa; 
however, here the PNO fusion protein has a mitochondrial localization. It is still unknown 
whether this enzyme is located in the organelle of C. parvum. The reduced respiratory chain (the 
identified genes have N-terminal mitochondrial targeting signals) possess an alternative oxidase 
(AOX) as terminal electron acceptor. How the electrons enter the respiratory chain is unknown 
because no genes for mitochondrial Complexes I or II were found. Alternative routes have been 
described in other organisms, but none of them seem to be plausible for C. parvum. Remarkably, 
two subunits of Complex V (a and P subuntis of the F1F0 ATP synthase) were identified in C. 
parvum; both contain an N terminal targeting sequence. The presence of this ATPase leaves the 
possibility for a proton gradient coupled to oxidative phosphorylation. The identification of a 
PNT (pyridine nucleotide transhydrogenase), that can create a proton gradient, a Narf-like 
hydrogenase, Cpn60, Hsp70, a number of carriers belonging to the mitochondrial carier family 
and several mitochondrial transporters show us another example of a rather complex 
mitochondrion-related organelle instead of the degenerated organelles that they were supposed to 
be some years ago.
The last group of organisms with mitosomes that will be discussed here are the diplomonads, a 
group of microaerophilic unicellular protists. Because of lack of mitochondria and their deep 
branching position in some phylogenies they had been considered as basal eukaryotes, but 
present data show that also these mitosome harboring organisms are a product of adaptation of 
an aerobic, mitochondrial ancestor to an anaerobic niche. The best studied member of this group
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is Giardia intestinalis, a human parasite, but recently a large amount of molecular data became 
available for Spironucleus salmonicida a fish parasite.The presence of a MPP (mitochondrial 
processing peptidase) in G. intestinalis that processes targeting sequences after import into the 
organelle is one of the hallmarks of a mitochondrial relationship. Also the recent discovery of 
TOM40 (Dagley, Dolezal et al. 2009), an important compound of the mitochondrial TOM import 
complex, and of Pam18, an important compound of the translocase of the mitochondrial inner 
membrane, provides evidence for the mitochondrial ancestry of these mitosomes. G. lambia 
completely lacks the aerobic respiratory components of aerobic mitochondria and generates ATP 
exclusively by substrate-level phosphorylation in the cytosol. Pyruvate in G. lambia is oxidized 
by a cytosolic PFO. There is also evidence for hydrogenase activity in G. lambia. The expression 
of a short type of an [FeFe] hydrogenase (Nixon, Field et al. 2003) that looks like the one found 
in Spironucleus barkhanus (Horner, Foster et al. 2000), and even the production of a small 
amount of hydrogen could be shown (Lloyd, Ralphs et al. 2002). It is obvious that the difference 
between mitosomes and hydrogenosomes might become smaller with the investigation of more 
mitosome/hydrogenosome harboring organisms. A interesting candidate could be the deep 
branching relative of diplomonads Hicanonectes teleskopos of which almost no molecular data 
are present, but of which transmission electron micrographical observations show mitochondria 
like organelles that lack cristae and look more like the hydrogenosomes of the parabasalids than 
like the mitosomes of their closest relatives the diplomonads (Park, Kolisko et al. 2009).
Outline of this thesis
This thesis focuses on the anaerobic ciliate Nyctotherus ovalis that thrives in the hindgut of 
different cockroach species. Its hydrogenosomes are a missing link in the evolution from 
classical aerobic functioning mitochondria to anaerobic hydrogenosomes. Furthermore the 
mitochondrial genomes of the aerobic ciliates Euplotes crassus and Euplotes minuta were 
studied, because they are closer relatives to N. ovalis then the well known ciliates Tetrahymena 
and Paramecium. Finally, an organism from a completely different group, the amoeboflagellate 
Psalteriomonas lanterna, was investigated, and it was shown, by electronmicroscopic and 
molecular data, that also their hydrogenosomes have a unique mitochondrial history.
Chapter 1:
General introduction
Chapter 2: (de Graaf, van Alen et al. 2009)
In this chapter the linear mitochondrial genomes of the aerobic ciliates Euplotes minuta and 
Euplotes crassus are discussed. These free living ciliates are found in seawater and are 
phylogenetically closer related to the anaerobic hydrogen producing ciliate Nyctotherus ovalis 
than Tetrahymena spp. and Paramecium tetraurelia, the only ciliates of which the mitochondrial 
genomes were sequenced so far. Only minor differences in gene content were found, but the
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gene order of the mitochondrial genome of Euplotes is completely different from that in 
Tetrahymena spp. and Paramecium tetraurelia, in which only major blocks of genes were 
shifted.
Many genes in the mitochondrial genomes of Euplotes have N terminal extensions, and the cox 1 
and 2 genes have large insertions. Surprisingly, these extensions in the ribosomal proteins harbor 
a potential mitochondrial targeting signal.
Chapter 3: (Boxma, de G raaf et al. 2005)
Here we present a part of the hydrogenosomal genome of N. ovalis together with several nuclear 
encoded components of a mitochondrial proteome. We show that this organellar genome 
possesses several components of an electron transport chain. The N. ovalis hydrogenosome is 
sensitive to inhibitors of mitochondrial complex I and insensitive to complex III and IV 
inhibitors. Production of acetate, lactate and succinate as end products were shown that are 
biochemical traits typical for anaerobic mitochondria. The presence of a genome in combination 
with hydrogen production and biochemical features of anaerobic mitochondria make this 
organelle unique. It forms a missing link between classical mitochondria and hydrogenosomes.
Chapter 4: (submitted)
In this chapter we show by pulsed field gel electrophoresis that the hydrogenosomal genome of 
Nyctotherus ovalis has a size of approximately 48 Kb. The major part (41666bp) of this genome 
has been sequenced, analyzed and compared with the mitochondrial genomes of aerobic ciliates. 
It became clear that this hydrogenosomal genome possesses a “normal” set of mitochondrial 
genes found in aerobic ciliates with exception of the cox 1, cox 2, cob, yejR/ccmF and ATPase 
genes that were absent. This corroborates the previous observation that Complex III and IV 
activity could not be detected. Notably, a cytochrome cl gene could be identified in a set of 9000 
gDNA and cDNA clones. Using the genes for mitochondrial proteins found in this large dataset 
we were able to reconstruct a preliminary mitochondrial/hydrogenosomal metabolism. The data 
reveal that N. ovalis possesses hydrogen producing mitochondria that have a truncated, two step 
(Complex I and II) respiratory chain, which uses fumarate as electron acceptor. In addition, 
components of an extensive protein network for the metabolism of amino-acids, defense against 
oxidative stress, mitochondrial protein synthesis, mitochondrial protein import and processing, 
and transport of metabolites across the mitochondrial membrane were identified. These data 
show a remarkable similarity with the metabolism of the unrelated anaerobic stramenopile 
Blastocystis sp. that possesses a similar organelle, where, however, thus far no hydrogen 
production has been detected.
Chapter 5: (Ricard, de Graaf et al. 2008)
Nyctotherus ovalis has just like all other ciliates two types of nuclei: a micronucleus and a 
macronucleus. A new macronucleus is formed during sexual reproduction from the micronucleus 
by DNA elimination and rearrangements. The macronucleus contains gene-sized chromosomes.
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In this chapter we examined the structure of these macronuclear gene sized chromosomes. We 
determined the telomeres, the subtelomeric regions, UTRs, coding regions and introns by 
sequencing a large set of gDNAs and cDNAs. All examined chromosomes seemed to possess a 
single gene or the complete ribosomal repeat (as single transcript). Subtelomeric regions are 
short with few potential regulatory motifs. The introns are short and about 1/3 is conserved in the 
distantly related ciliate Paramecium tetraurelia. The combination of short leaders and short 
introns make these gene-sized chromosomes to the smallest known. The smallest chromosome 
that we identified measured only 150bp.
Chapter 6: (de Graaf, Duarte et al. 2009)
Hydrogenosomes are found in a number of unicellular, anaerobic eukaryotes and are 
phylogenetically very broadly distributed. This indicates that hydrogenosomes evolved several 
times independently from mitochondria in aerobic eukaryotes, just as described in previous 
chapters for Nyctotherus ovalis. The microaerophilic amoeboflagellate Psalteriomonas lanterna 
possesses hydrogenosomes and belongs to the taxon Heterolobosea. This is the first example of a 
eukaryote with hydrogenosomes in this taxon, which predominantly consists of aerobic, 
mitochondriate eukaryotes. An old claim that besides of hydrogenosomes also mitochondria 
should be present in this organism could not be confirmed. Instead, electron microscopy showed 
that the hydrogenosomes formed stacks and “ single” hydrogenosomes, which, however, could 
not be interpreted as mitochondria. Molecular data did not show evidence for the presence of 
aerobic mitochondria, either. Phylogenetic analysis confirmed the close relationship of this 
organism in the taxon Heterolobosea with aerobic amoebo flagellates such as Naegleria gruberi. 
The ESTs further showed the expression of some mitochondrial key genes like Hsp60, PFO, 
hydrogenase, AAC and a mitochondrial complex I subunit: 51kD.
Chapter 7: Summary and discussion.
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Abstract
Background
There are thousands of very diverse ciliate species from which only a handful mitochondrial 
genomes have been studied so far. These genomes are rather similar because the ciliates analysed 
(Tetrahymena spp. and Paramecium aurelia) are closely related. Here we study the 
mitochondrial genomes of the hypotrichous ciliates Euplotes minuta and Euplotes crassus. These 
ciliates are only distantly related to Tetrahymena spp. and Paramecium aurelia, but more closely 
related to Nyctotherus ovalis, which possesses a hydrogenosomal (mitochondrial) genome.
Results
The linear mitochondrial genomes of the hypotrichous ciliates Euplotes minuta and Euplotes 
crassus were sequenced and compared with the mitochondrial genomes of several Tetrahymena 
species, Paramecium aurelia and the partially sequenced mitochondrial genome of the anaerobic 
ciliate Nyctotherus ovalis. This study reports new features such as long 5’gene extensions of 
several mitochondrial genes, extremely long cox1 and cox2 open reading frames and a large 
repeat in the middle of the linear mitochondrial genome. The repeat separates the open reading 
frames into two blocks, each having a single direction of transcription, from the repeat towards 
the ends of the chromosome. Although the Euplotes mitochondrial gene content is almost 
identical to that of Paramecium and Tetrahymena, the order of the genes is completely different. 
In contrast, the 33273 bp (excluding the repeat region) piece of the mitochondrial genome that 
has been sequenced in both Euplotes species exhibits no difference in gene order. Unexpectedly, 
many of the mitochondrial genes of E. minuta encoding ribosomal proteins possess N-terminal 
extensions that are similar to mitochondrial targeting signals.
Conclusions
The mitochondrial genomes of the hypotrichous ciliates Euplotes minuta and Euplotes crassus 
are rather different from the previously studied genomes. Many genes are extended in size 
compared to mitochondrial genes from other sources.
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Background
Ciliates, unicellular eukaryotes, are extremely species-rich and colonize a very broad spectrum of 
ecological niches. They are characterized by complexes of cilia, used for swimming and food 
capturing and by a nuclear dimorphism that is unique for ciliates. All members possess a 
micronuclear genome, which is active in sexual reproduction, and a macronuclear genome that is 
transcriptionally active during somatic development and maintenance. In addition to the 
macronuclear and micronuclear genomes, aerobic ciliates also possess a mitochondrial genome. 
Although there are thousands of different ciliate species, only six mitochondrial genomes have 
been completely sequenced and analyzed thus far: P. aurelia (Pritchard, Seilhamer et al. 1990) 
and five Tetrahymena species: T. pyriformis, T. thermophila, T. pigmentosa, T. paravorax and T. 
malaccensis (Burger, Zhu et al. 2000; Brunk, Lee et al. 2003; Moradian, Beglaryan et al. 2007). 
Only minor differences between the mitochondrial genomes of the Tetrahymena species were 
found. The mitochondrial genomes of P. aurelia and Tetrahymena species are also very similar; 
only two large blocks of genes are shifted between them but within these blocks the gene order is 
conserved. A third smaller block, containing the split mitochondrial ribosomal rnl gene, is 
duplicated in Tetrahymena but not in Paramecium. Although most of the sequenced 
mitochondrial genomes are circular mapping, the mitochondrial genomes of Paramecium and 
Tetrahymena are monomeric linear and capped with telomeres. No mitochondrial genomes have 
been sequenced in the order of hypotrichous ciliates that contain intensively studied species such 
as Oxytricha and Stylonichia as well as Euplotes, a genus widely distributed in freshwater and 
seawater environments. The two Euplotes species studied here (E. crassus and E. minuta) are 
both marine ciliates that were collected in the Mediterranean sea.
We investigated the mitochondrial genome organization of Euplotes for three reasons: firstly, 
because Euplotes is only distantly related to P. aurelia and the various Tetrahymena species, the 
only species from which mitochondrial genomes have been studied so far (Figure 1). Secondly, 
because Euplotes contains two morphologically different types of mitochondria, which might 
possess different genomes (Jurland and Lipps 1973; Görtz 1975) and thirdly, because we 
assumed that Euplotes is more closely related to Nyctotherus ovalis than Tetrahymena or 
Paramecium. Phylogenetic analysis, however, did not support this assumption because of lacking 
statistical support (Figure 1). Nevertheless, it is likely that its organellar genome is closely 
related to the hydrogenosomal genome of Nyctotherus ovalis, which exhibits characteristics of a 
ciliate mitochondrial genome and significant sequence similarity to certain Euplotes genes. 
Nyctotherus ovalis, which thrives in the hindgut of various cockroach species, has been 
investigated extensively, but only 14 kb of its hydrogenosomal genome have been sequenced so 
far (Akhmanova, Voncken et al. 1998; Boxma, de Graaf et al. 2005; Boxma, Ricard et al. 2007; 
Ricard, de Graaf et al. 2008). Here, we show that the mitochondrial genomes of E. crassus and 
E. minuta are linear with a large repeat region in the middle that is potentially involved in 
transcription initiation. The gene content of the Euplotes genome is almost identical to that of
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Paramecium and Tetrahymena, but the order of the genes is completely different. We discuss the 
observation that Euplotes contains extremely large cox genes and several other mitochondrial 
genes with large extensions. It is shown that several N-terminal extensions of the mitochondrial 
genes have the potential to function as mitochondrial import signals.
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Figure 1: Taxonomy of ciliates.
A maximum likelihood phylogeny from selected 18S rRNA genes. Only bootstrap values equal or larger than 
90/100 are indicated.
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Results and Discussion
Structure of the m itochondrial genomes
The linear mitochondrial DNA of E. minuta has been completely sequenced with exclusion of 
the telomeres and a repeat region of more then 1000 base pairs that is located almost in the 
middle of the mitochondrial genome. The length of the sequenced mitochondrial genome of E. 
minuta clearly exceeds 41600 bp, while 33273 bp (excluding the repeat region) of the 
mitochondrial genome of E. crassus have been sequenced (Figure 2).
The length of the telomeres can only be estimated roughly since it is known from investigation of 
5 different Tetrahymena species that the composition and length of mitochondrial telomeres can 
differ enormously (Morin and Cech 1988; Morin and Cech 1988). Also, in three Tetrahymena 
species the terminal repeats at both ends of the mitochondrial DNA are completely different. 
Moreover, analysis of the mitochondrial genome of T. malaccensis has shown that telomeric 
lengths can vary between 700 and 4200 bp with an average size of 2600 bp. (Morin and Cech 
1988). Since pulsed field gel electrophoresis of E. minuta DNA has indicated that the total length 
of the mitochondrial genome is clearly less than 48Kb (Figure 3), it is likely that we have 
sequenced the total mitochondrial genome with exception of the telomeres. This interpretation is 
supported by the observation that chromosome walking using organelle DNA failed to provide 
evidence for the presence of additional DNA at the ends of the sequenced mitochondrial genome.
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Figure 2: Mitochondrial gene map of Euplotes minuta and Euplotes crassus.
Red: Complex I genes, blue: rRNA genes, green: ribosomal proteins, yellow: Complex III and IV  genes, grey: 
unidentified open reading frames, pink: repeat region, dark grey: atp9 gene, white: intergenic spacers. Capital letters 
indicate the various tRNA genes. Arrows: direction of transcription.
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Figure 3: Pulsed field gel electrophoresis of genomic DNA of Euplotes minuta.
Lanes 1 and 11 contain lambda concatamer (marker). Lanes 2-10 contain genomic DNA of Euplotes minuta. The 
mitochondrial band (arrow) is located just below the one lambda band (48 Kb).
The central repeat region is made up from 18-bp units that are palindromic except for the 
positions 3-4/15-16. The repeat units are identical in E. crassus and E. minuta (Figure 4).
IURIUNU1
Figure 4: Structure of the central repeat unit.
Because the direction of transcription of all mitochondrion encoded genes is away from this 
repeat region (Figure 2), we tested whether the palindrome exhibits significant sequence 
similarity to any known transcription factor binding site using the online motif comparison tool 
Tomtom (Gupta, Stamatoyannopoulos et al. 2007). As expected, no significant levels of 
sequence similarity were found (E-values > 0.1). Notably, it has been observed that unrelated A­
T rich repeat units serve as autonomously replicating sequences in the mitochondrial DNA of
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Paramecium and Tetrahymena; these units are located at one end of the mitochondrial 
chromosome, close to the telomeric repeats (Kiss, Amin et al. 1981; Pritchard, Laping et al. 
1983; Lazdins and Cummings 1984).
Other examples of repeat regions in mitochondrial genomes of protists are found in the 
cryptophyte algae Rhodomonas salina (Hauth, Maier et al. 2005) and Hemiselmis andersenii 
(Kim, Lane et al. 2008). Both mitochondrial genomes contain a large complex repeat region that 
seems to play a role in transcription. However, the mitochondrial genomes of these unicellular 
cryptophyte algae are not linear but circular mapping.
The overall A+T content of the mitochondrial genome of E. minuta, (64.0%), is much lower than 
in T. pyriformis (78.7%) but significantly higher than in P. aurelia (59.0%) (Pritchard, 
Seilhamer et al. 1990). Genes are tightly packed and the intergenic regions (4.1% of the genome) 
are generally short (ranging from 1 to 385 nucleotides, with an average size of 66 nucleotides). 
These intergenic regions have an overall A+T content of 68.9% which is hardly higher than in 
the coding areas. We found eight cases where the orfs overlap (9-96bp.) and no gene duplication. 
One gene (nad 1) was split into two parts that are located on different positions of the genome. 
The overall A+T content of the sequenced part of the mitochondrial genome of E. crassus is 
65.3%. The genes in the mitochondrial genome of E. crassus are also tightly packed and 
intergenic spacers (4.2%) have a length of 2 to 413 nucleotides with an average size of 77 
nucleotides and an A+T content of 68.4%. Overlapping orfs were identified in 12 cases with 
overlaps varying in size from 3 to 100 base pairs.
The mitochondrial genes of Euplotes minuta and Euplotes crassus
The mitochondrial DNA of E. minuta includes 12 protein coding genes involved in the electron 
transport chain, 7 ribosomal protein coding genes, 2 ribosomal RNA genes, 7 transfer RNA 
genes, and one gene that encodes a cytochrome c assembly protein (ccmF/yejR) (Table 1). 
Finally, 15 orfs were found with no detectable sequence similarity to known genes (Table 2). 
The sequenced part of the mitochondrial genome of E. crassus contains 10 genes of the electron 
transport chain, 6 ribosomal protein coding genes, 2 ribosomal RNA genes, 5 transfer RNA 
genes, the ccmF/yejR gene and 11 orfs with significant sequence similarity to E. minuta genes, 
but no detectable sequence similarity to other known genes (Table 1, 2).
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Table 1: Mitochondrion-encoded genes of Euplotes minuta, Euplotes crassus and other ciliates. Solid blocks: gene 
present, empty blocks: gene absent. ns: not sequenced, these genes are expected to be located in the not sequenced 
part of the mitochondrial genome of Euplotes crassus
gene E. m inuta E . crassus T. pyriform is P . au relia
nad l ■ ns ■ ■
nad2 ■ ■ ■ ■
nad3 ■ ns ■ ■
nad4 ■ ■ ■ ■
nad4L ■ ■ ■ ■
nad5 ■ ■ ■ ■
nad6 ■ ■
nad7 ■ ■ ■ ■
nad9 ■ ■ ■ ■
nadlO ■ ■ ■ ■
rnl/lsu ■ ■ ■ ■
rns/ssu ■ ■ ■ ■
cob ■ ■ ■ ■
coxl ■ ■ ■ ■
cox2 ■ ■ ■ ■
atp9 ■ ns ■ ■
ccm F/yejR ■ ■ ■ ■
rps3 ■ ■ ■ ■
rps4 ■ ■
rps12 ■ ■ ■ ■
rps13 □ □ ■ ■
rps14 □ □ ■ ■
rps19 □ □ ■
rpl2 ■ ■ ■ ■
rpl6 ■ ns ■
rpl14 ■ ■ ■ ■
rpl16 ■ ■ ■ ■
trn E (G lu ) ■ ■ ■ □
trn F(Ph e) ■ ■ ■ ■
trn H (H is) ■ ns ■ □
trn L (Leu ) □ ■ □
trnM (M et) ■ ■ ■ ■
trn W (T rp ) ■ ■ ■ ■
trn Y (T yr) ■ ■ ■ ■
trn Q (G ln ) ■ ns □ □
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Table 2: Open reading frames (orfs) from Euplotes minuta that share sequence similarity with orfs from Euplotes 
crassus, Tetrahymena spp. and Paramecium aurelia. Partial: only a part of this gene/orf has significant sequence 
similarity. ns: these orfs are located in the part of the Euplotes crassus mitochondrial genome that has not been 
sequenced. -: no gene/orf found in this organism with significant sequence similarity. The remaining orfs in 
Tetrahymena sp. or Paramecium aurelia do not show significant sequence similarity (not shown).
Euplotes minuta Euplotes crassus Tetrahym ena spp. Param ecium  aurelia
orf 96 orf101 - -
orf-rps3 orf-rps3 ymf64 orf234
orf187 orf134 - -
orf268 orf311 - -
orf78 orf129 - -
ccm F(partial) orf197 - -
orf163 of449 (partial) - -
orf259 of449 (partial) - -
orf145 of449 (partial) - -
orf111 orf175 - -
nad2(partial) orf147 - -
- orf45 - -
orf267 orf297 orf161/ymf74 orf178-2/ymf84
orf102 - - -
orf155 orf156 - -
rps4(partial) orf141 - -
orf49 ns - -
orf125 ns - -
orf380 ns - -
orf190 ns - -
orf170 ns - -
There are no differences in gene order between the closely related E. crassus and E. minuta, but 
their gene order is completely different than that of the Tetrahymena species and P. aurelia 
(Figure 2). Only four genes could be found that have a conserved order in all these ciliate 
species: rpl2-orf-nad10-rps12.
Genes encoding components of the electron transport chain
As shown in Table 1 all mitochondrion-encoded Complex I genes that were found in T. 
pyriform is and P. aurelia (Burger, Zhu et al. 2000), were also found in E. minuta with the 
exception of nad6/ymf62 that was identified as nad6 in T. pyriform is (Brunk, Lee et al. 2003). 
The mitochondrial genomes of all sequenced Tetrahymena species possess nad6/ymf62, which 
exhibits a significant sequence similarity with orf265 in P. aurelia.
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In all Tetrahymena species and in P. aurelia the Complex I gene nadl is split into a larger A and 
a smaller B part, which is located on the opposite strand. In E. minuta this gene is also split but 
located on the same strand. In E. crassus the corresponding part of the mitochondrial genome has 
not been sequenced (Figure 2).
The length of the nad2 gene of T. pyriformis, P. aurelia and N. ovalis (var. Bla. Ams) is almost 
the same but about 180 amino acids smaller than the nad2 gene of Bos taurus (cow). In contrast, 
the nad2 genes of both Euplotes species have large N terminal extensions. The nad2 gene of E. 
crassus has an extension of about 250 amino acids, and the homologous gene of E. minuta is 
around 500 amino acids longer. These extensions have no detectable sequence similarity to each 
other or to other known genes.
The Complex I gene nad4L has been identified by Brunk et al. in T. thermophila (Brunk, Lee et 
al. 2003) (named ym f 58 in the other mitochondrial genomes of Tetrahymena species), in the 
hydrogenosomal genome of the anaerobic ciliate N. ovalis and in both Euplotes species (Table 
1). It has not been annotated in Paramecium, but alignments of orf113 in P. aurelia with the 
Tetrahymena species and with the nad4L gene of N. ovalis shows that this orf113 is homologous 
to nad4L (Boxma, de Graaf et al. 2005).
The nad7 genes of both Euplotes species are highly conserved; both have a small N-terminal 
extension (19 and 36 amino acids, respectively). These extensions are not similar to each other 
and are not found in other ciliates.
The only Complex III gene that is found in the mitochondrial genomes of the Tetrahymena 
species and P. aurelia is cytochrome-b (cob), which has also been identified in both Euplotes 
species (Table 1; Figure 2). The cob genes of both Euplotes species possess small N-terminal 
extensions that are not conserved while the remaining part of the gene is very well conserved.
The Complex IV genes cytochrome oxidase 1 and 2 (cox1 and cox2), are found in all 
Tetrahymena species, in P. aurelia and in both Euplotes species (Table 1; Figure 2). As shown 
earlier in T. pyriform is and P. aurelia both genes contain large (in frame) upstream open reading 
frames (Burger, Zhu et al. 2000). In Euplotes the cox2 frames reach extreme lengths, 1021 amino 
acids in E. crassus and 1017 amino acids in E. minuta (Figure 5a,b).
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Figure 5: Length of coxl and cox2 open reading frames (in amino acids) from E. crassus and E. minuta compared 
to other organisms.
The insert does not show significant similarity to any known gene, precluding the inference of 
function and functional constraints by sequence similarity. The sequencing of two Euplotes 
species, however, allows us to assess whether there is any selection on the protein coding 
sequence by calculating the ratio of non-synonymous over synonymous substitutions (dn/ds) and 
test for protein sequence conservation. Figure 6a shows the ClustalW alignment (Thompson, 
Higgins et al. 1994) between the Cox2 proteins in Euplotes and several other ciliate species. 
There are only two regions that could be unequivocally aligned among all the ciliates and of 
which the alignment did not depend on the program used (Edgar 2004; Waterhouse, Procter et al. 
2009). These regions are indicated by the high conservation and quality bars in Figure 6. They 
are also highly conserved between the two Euplotes sequences (dn=0), and overlap with the 
regions for which we detected likely sequence similarity with the PFAM Cox2 domain, albeit
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with an insignificant E-value for the N-terminal part (Finn, Tate et al. 2008). In contrast, there 
appear to be less constraints on the primary sequence of the ~700 amino acid in-frame cox2 
insert (65% identity between the two Euplotes sequences).
Figure 6: Alignment analysis of Euplotes Cox2: a) ClustalW alignment of Cox2 from other ciliates and Euplotes; 
b) conservation, quality and consensus scores of the multiple alignment in (a) according to Jalview; c) Pfam search 
result including an insignificant hit to the Cox2 Pfam domain in the N-terminal conserved region of the gene; d) 
number of non-synonymous (ds) and synonymous (ds) base substitutions observed between E . minuta and E . 
crassus per 69 nt sliding window; e) dn/ds ratio based on (d).
For cox1, we found a similar situation (see Additional file 1: Fig. S1 and Additional file 2:Fig. 
S2) When the Coxl protein sequences of both Euplotes species are compared with the Coxl 
protein sequence of Bos taurus a large insert in frame of 380 amino acids was identified between 
positions 119-120. T. pyriformis and P. aurelia possess an insert of 271 amino acids in exactly 
the same position. Furthermore, it seems that the cox1 genes of T. pyriformis and both Euplotes 
species contain N-terminal extensions of about 40 amino acids. The N-terminal extension in P. 
aurelia is a bit longer, about 83 amino acids. The N-terminal extensions of the cox1 gene in both 
Euplotes species and in P. aurelia harbour a potential mitochondrial import signal that has been 
identified by the program Mitoprot (Claros and Vincens 1996). In a recent publication (Ueda, 
Fujimoto et al. 2008) it was observed that latent mitochondrial targeting signals are present on 
the mitochondrial genomes of Arabidopsis thaliana and Oryza sativa. It is possible that some of 
the N-terminal extensions we find in Euplotes spp. play a role as latent mitochondrial targeting 
signals. Alternatively, they could function as an internal localization signal, resulting from a bias 
in nucleotide alteration, or even hint at the possibility of back-transfer of genes from the nucleus 
to the organelle (Huynen 2009). Furthermore, the cox1 gene of E. minuta possesses a C-terminal 
extension (267 amino acids) that has not been found in the other ciliates, including E. crassus. 
Another cytochrome c related gene, ccmF/yejR, is also found in both Euplotes species (Table 1). 
It is a cytochrome c assembly protein that encodes the potential catalytic subunit of cytochrome c
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lyase. There is a large difference in the lengths of the ccmF/yejR genes between these ciliates. T. 
pyriform is (513 amino acids) and E. minuta (461 amino acids) have a large C-terminal extension. 
The corresponding extensions in P. aurelia (256 amino acids) and E. crassus (243 amino acids) 
are significantly smaller.
Only one Complex V gene, ATPase 9, has been identified in E. minuta. It is also located on the 
mitochondrial genomes of T. pyriform is and P. aurelia (Table 1). The corresponding region in E. 
crassus was not sequenced.
Ribosomal proteins
Mitochondrial genes encoding mitochondrial ribosomal proteins are common in plants and 
protists but have never been found in the mitochondrial genomes of animals. Ciliates possess a 
limited number of ribosomal proteins on their mitochondrial genomes. So far 7 ribosomal 
proteins have been identified in E. minuta (Table 1). Another ribosomal protein, rpl14 from E. 
crassus, which is present in all other ciliate mitochondrial genomes, has an N-terminal extension 
(33 amino acid) that has no significant similarity with other known proteins. Similar extensions 
were observed for the rpl16, rps4 and rps12 genes in both ciliates E. crassus and E. minuta 
(Table 3). When the mitochondrial genes were examined with the mitochondrial import signal 
prediction program Mitoprot (Claros and Vincens 1996) we found high scoring hits for all 
ribosomal proteins in E. minuta and all ribosomal proteins in E. crassus except one. All these 
ribosomal proteins also contained a predicted cleavage site. Analyses of the mitochondrial 
ribosomal proteins of T. pyriform is and P. aurelia indicated that also some of these proteins 
possessed a potential import signal. An analysis based on the signal prediction programs Predotar 
(Small, Peeters et al. 2004) and TargetP (Emanuelsson, Brunak et al. 2007) gave less hits but still 
identified a significant number of potential mitochondrial import signals (Table 3).
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Table 3: Importsignal and cleavage-site prediction by Mitoprot of mitochondrion encoded
genes
gene
Euplotes
minuta
Euplotes
crassus
Tetrahymena
pyriformis
Paramecium
aurelia
Blastocystis
(DMP)
Reclinomonas
americana
Arabidopsis
thaliana
Oryza
sativa
n a d la 0.3731Y 0.9380Y 0.8786Y 0.0535N 0.2041 N 0.0304N 0.0318Y
n a d lb 0.0179N 0.0155N 0.0835N
nad2 0.9057Y*# 0.0229Y 0.1574N 0.9175Y 0.1689N 0.0435N 0.1369N 0.0497N
nad3 0.1585N 0.0175N 0-1252N 0.1418N 0.0504N 0.0154N 0.0042N
nad4 0.0642Y 0.7605N 0.6499N 0.4964N 0.5047Y 0.7783N 0.1300N 0.0805N
nad4L 0.0155N 0.0103N 0.0657N 0.3538N 0.2082Y 0.3533Y 0.3009N
nad5 0.1896N 0.0983N# 0.3453N 0.7374Y 0.5069N 0.3453Y 0.1255Y 0.1675Y
nadd 0.1870N 0.9123Y 0.7924N#
nad7 0.1782N 0.1914N 0.2221 Y# 0.3188N 0.6599Y*# 0.6771 N 0.6916N# 0.4186N
nad8 0.3912N
nad9 0.8492 Y# 0.9601Y 0.6518N 0.1990N 0.9159Y* 0.2870N 0.0587N 0.1915N
nad10 0.3770Y* 0.2760Y 0.1351 Y 0.2149Y 0.2381 N
nad11 0.0456N 0.0214N
cob 0.0081 N 0.1385N 0.0323N 0.1088N 0.6913N 0.2913N*# 0.2609N*#
c o x l 0.9306N 0.9803N 0.1062N 0.9618N* 0.0144Y* 0.2360N* 0.1908N*
cox2 0.0503N 0.0203N 0.4944Y 0.6414Y 0.0327N 0.0176N 0.3447N
c ox3 0.0600Y 0.0605N 0.0222N
a lp l 0.291 ON 0.1920N
atp6 0.2621N 0.0085N
atp9 0.7172Y 0.3150N 0.1172Y 0.0397N 0.4941Y
yejR 0.4823N 0.1926N*# 0.1009N 0.9263Y
rps1 0.6830N 0.0249N
rps2 0.0626Y 0.5471Y
rps3 0.9987Y# 1.000Y*# 0.1184N* 0.0581 N 0.6604N 0.1605Y 0.5611N 0.4670N
rps4 0.9898Y 0.9364Y*# 0.7786N 0.8602Y*# 0.9984Y*#
rps7 0.1327N 0.1334N 0.2046N
rps8 0.6514N 0.5082N
rps10 0.8777N 0.1099N
rps11 0.0295N
rps12 0.9998Y*# 0.9999Y*# 0.9351Y* 0.9683Y 0.9975Y* 0.3302N 0.2447N 0.1545N
rps13 0.1107N 0.6322N 0.9347N* 0.7738N* 0.3213Y
rps14 0.9868Y* 0.0604N 0.1811N 0.0376N*
rps19 0.9934N* 0.1278N 0.8812Y* 0.7065N*#
rpl1 0.0921 N
rp!2 0.9997Y 0.9982Y 0.9975Y* 0.9854Y# 0.4959N* 0.4860Y* 0.9974Y*# 0.9972Y*#
rp!5 0.5942N 0.0114N 0.0437N
rpl6 0.5948N 0.6851 N* 0.3297N
rpl10 0.8245N
rp!11 0.9694N 0.0835N
rp!14 0.9298Y*# 0.0484N 0.2054N 0.0817N 0.4278Y 0.1262N
rpl16 0.9982Y*# 0.9655Y*# 0.9947Y*# 0.8770N 0.7748Y*# 0.4554Y 0.9809Y* 0.7261 Y*
rpl18 0.5305N*
rpl19 0.6495Y#
rpl20 0.9939Y#
rpl27 0.6704Y
rpl31 0.6276N
rpl32 0.9946N*#
rp!34 0.9508Y*
Bold face: significant import probability due to Mitoprot prediction. italics: genes used by Ueda et al. (Ueda, 
Fujimoto et al. 2008). Y: cleavage site predicted with Mitoprot. N: no cleavage site predicted with Mitoprot. 
Putative N-terminal targeting sequences for ribosomal proteins were also calculated using the programs Predotar 
(Small, Peeters et al. 2004) and TargetP (Emanuelsson, Brunak et al. 2007) * : these proteins could be imported into 
mitochondria according to Predotar. #: these proteins could be imported into mitochondria according to TargetP.
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tRNA genes
Am ong eukaryotes the number o f m itochondrial-encoded tR N A  genes varies from  26 tR N A s in 
Reclinomonas americana to zero in  apicom plexa (G ray, Lang et al. 1998). Seven different tR N A  
genes were identified in  the m itochondrial genome o f E. minuta (trnE, trnF, trnH, trnM, trnY, 
trnQ and trnW) in contrast to only four such tR N A  genes in  P. aurelia (trnF ,trnM, trnW  and 
trnY) (Tab le 1) (Pritchard , Seilham er et al. 1990). In  E. crassus only 5 tR N A  genes were 
identified. A lso , in  T. pyriform is a set o f seven tR N A  genes were identified i.e. trnE, trnF, trnH, 
trnL, trnM, trnW  and trnY (Burger, Zhu et al. 2000). The m itochondrial-encoded tR N A  for 
G lutam ine (trnQ) seems to be unique for Euplotes, since it was not identified in  either T. 
pyriform is or in  P. aurelia; trnL is duplicated in  T. pyriformis. Tw o different programs 
(tRN A scan-SE and A R A G O R N ) did not detect a tR N A  for tryptophan (W ); instead, this tR N A  
was identified as a tR N A  for selenocystein. Recently however, the presence o f trnW  in  the 
m itochondrial genome o f E. crassus was experim entally confirm ed by Turanov et al. (Turanov, 
Lobanov et al. 2009).
Open reading frames
Additional 17 orfs have been identified in  E. minuta and 13 orfs in  E. crassus (Tab le 2). One orf 
(rps3) o f E. minuta and E. crassus has, after B la s tX  and B lastN  searches, detectable sequence 
sim ilarity w ith  orfs from  T. pyriform is and P. aurelia (ymf64/orf234). In  T. thermophila the gene 
ymf64 has been identified as a putative ribosom al protein, based on physicochem ical parameters 
o f the predicted protein (Brunk, Lee et al. 2003). Com parison o f an alignm ent o f the ymf64 
hom ologs in  the ciliates w ith  the H idden M arkov M odels (H M M s) in  P F A M , using the sensitive 
profile-profile based hom ology detection tool HHsearch (Soding 2005) indicates that ymf64 
exhibits significant sequence sim ilarity w ith  the C-term inal domain o f the ribosom al protein S3 
(P  < 2.1 E-5, Additional file 3: F ig . S3 ). A n H M M  o f the genes that are currently annotated as 
rps3 in  the Tetrahymena species and in P. aurelia indicated that they are homologous to the N- 
term inal domain o f the ribosom al protein S3 (P<  2.1 E-5). The gene length o f ymf64 in  T. 
thermophila is 330 am ino acids; in  P. aurelia (orf234) it has a length o f 234 am ino acids. The 
orthologous Euplotes genes are much larger (767 and 768 am ino acids, respectively). W e  could 
not detect significant sequence sim ilarity o f the S3 N-term inal domain to any o f the Euplotes 
sequences.
Fo r the rem aining 16 orfs in  E. minuta and 12 in  E. crassus no homologous genes were found 
using B la s tX  and B lastN  searches. How ever, one o f these, orf267(orf 297 in  E. crassus), w hich 
is part o f the conserved region o f four genes in  Euplotes spp., is w eakly conserved when 
compared to orf161/ymf74 in  T. pyriform is and orf178-2/ymf84 in  P. aurelia (Tab le 2)
M itochondrial ribosomal RNA genes
The m itochondrial large and sm all subunit ribosom al R N A  genes in  five  Tetrahymena species 
and in  P. aurelia are sp lit into two pieces (Burger, Zhu et al. 2000). In  a ll these Tetrahymena 
species the rn l gene is duplicated. A nalysis o f the m itochondrial genomes o f E. minuta and E.
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crassus by BlastN identified the regions were the rnl and rns genes are situated. The rnl gene in 
Euplotes species is not duplicated as in the Tetrahymena species. Even by sensitive Smith- 
Waterman queries (Smith and Waterman 1981) with selected parts of the rnl and rns sequences 
from other ciliate species, we did not find any indication that these genes were split in Euplotes 
(not shown). Both, the region containing the putative rnl and the region containing the putative 
rns, have significant sequence similarity to the rnl and the rns of the published mitochondrial 
ciliate ribosomal RNAs. Nevertheless, the regions of significant sequence similarity do not cover 
the complete published ribosomal RNAs, prohibiting complete sequence alignment and 
therewith assessment as to whether these RNAs are complete or interrupted. As expected, a 5S 
rRNA gene could not be identified.
Genetic code
Analysis of the codon usage as described in the Methods section confirmed that both Euplotes 
species use the protozoan mitochondrial code, with TGA encoding tryptophan. There are a few 
spurious predictions (TCG, ATG and ACC in E. crassus and TAG, ATT, ATG and ACC in E. 
minuta), but for all these cases we find the correct translation at an almost equal score. The 
prediction that TAG would code for a serine in E. minuta is only based on a single aligned 
occurrence of the codon, caused possibly by a sequence error or a misalignment (not shown).
Conclusions
When the mitochondrial genome of T. pyriformis was published and compared with that of P. 
aurelia, it seemed that the mitochondrial gene order in ciliates was very well conserved (Burger, 
Zhu et al. 2000). With the determination of the mitochondrial genome of a third ciliate genus, 
belonging to a completely different taxon, we have shown that the gene order in mitochondrial 
genomes of ciliates can be very different while a similar set of genes is conserved. Also the 
linearity of the mitochondrial chromosomes is conserved. This might suggest that monomeric 
linear mitochondrial chromosomes, which are relatively rare among protozoa and animals 
(Nosek, Tomaska et al. 1998), are characteristic for ciliates. This possibility is corroborated by 
the observation that also species belonging to the sister taxon apicomplexa possess linear 
mitochondrial chromosomes (Feagin 1994). However, it should be noted that among yeasts even 
the mitochondrial genomes of closely related species differ with respect to their 
linearity/circularity (Nosek, Tomaska et al. 1998).
From the 17 unidentified open reading frames in the mitochondrial genome of Euplotes minuta 
two could be found with significant sequence similarity to T. pyriformis and P. aurelia (Table 2). 
This contrasts with the situation in T. pyriformis and P. aurelia where 13 out of the 22 
unidentified open reading frames in T. pyriformis were also found in P. aurelia (Burger, Zhu et 
al. 2000). One of these orfs, ymf64, has now, with the aid of the Euplotes sequences and profile 
based homology searches been shown to be significantly similar to a known protein domain, the 
C-terminal part of the Rps3 protein. This suggests that with the sequencing of more
55
mitochondrial genomes of the ciliates also for other orfs sequence similarity might be detected 
with known mitochondrial genes.
One of the rare mitochondrial features present in the mitochondrial genomes of T. pyriform is and 
P. aurelia is a split nad1 gene. This split gene has also been identified in Euplotes and thus 
seems to be specific for a large group of (maybe all) ciliates.
One of the most striking differences between the mitochondrial genomes of Euplotes and those 
of Tetrahymena species and P. aurelia is the presence of a large repeat region in the middle of 
the mitochondrial genome of both Euplotes species that seems to be used as a bi-directional 
transcription start. No such repeat was found in Tetrahymena species and P. aurelia and, in 
contrast to Euplotes, the transcription direction changes several times.
Another striking feature of the genes in the mitochondrial genome of Euplotes species is the 
presence of very large open reading frames. Most of these large orfs contain N-terminal 
extensions, but in some cases, like the cox1 and cox2 genes, large inserts in frame cause this 
effect. Such inserts in frame were also detected in Tetrahymena sp. and P. aurelia. Surprisingly, 
all of the N-terminal extensions of genes encoding ribosomal proteins of Euplotes minuta contain 
a potential targeting signal for import into mitochondria. This is the first report identifying such 
import signals in mitochondrial-encoded genes in organisms other than plants.
Sequencing and analyzing the mitochondrial genomes of E. crassus and E. minuta shows that the 
mitochondrial genomes of ciliates are rearranged more extensively than previously thought. 
Sequencing of the mitochondrial genome of E. minuta also did not provide any evidence for the 
presence of a slightly deviating, alternative genome that might be expected for the two morphs of 
mitochondria observed in this species. Studying these mitochondrial genomes has provided 
additional information about the evolution of mitochondria in general and in particular about the 
evolution of the elusive hydrogenosomal genome of Nyctotherus ovalis (Boxma, de Graaf et al. 
2005), which appeared to be more related to the mitochondrial genome of Euplotes than to those 
of Paramecium  and Tetrahymena.
Methods
E. minuta cells were collected in 2005 in the Mediterranean sea near Stareso, Corsica, France 
(Em. S1, E. minuta Staresol), cultured in the laboratory in artificial sea water obtained from the 
Botanical and Zoological Garden Stuttgart (Wilhelma) and fed with Klebsiella minuta grown on 
nutrient agar. For the isolation of DNA, a concentrated sample of living cells was mixed with 8M 
guanidiniumchloride. A 10:1 mixture with 1M phosphate buffer pH 7.0 was made, adsorbed on a 
hydroxyapatite (Biorad, bio-gel HTP) column (1 cm x 0.4 cm) and washed with 4M 
guanidiniumchloride, 100 mM phosphate buffer pH=7.0, followed by washing with 4M 
guanidiniumchloride, 200 mM phosphate buffer pH=7.0. Subsequently, the bulk of DNA was 
eluted with 4M guanidiniumchloride 500 mM phosphate buffer pH=7.0. The DNA was diluted 
with 1 volume water and precipitated with 10 v/v% 3M sodiumactetate pH=5.2 and 50 v/v %
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propanol-2 for 10 minutes at room temperature. After precipitation and washing the pellet was 
air dried. Finally, the DNA pellet was dissolved in DEPC treated water (Invitrogen).
The dissolved DNA was loaded on a pulsed field agarose gel (1% agarose type II medium EEO, 
Sigma) and run at 170V (145mA) ramping from 2.5s - 25s for 16 hours PFGE with a LKB 2015 
Pulsaphor plus control unit.
The band just below the first band of the lambda marker (Figure 3) was cut out and the DNA 
extracted. The position of the mitochondrial band on pulsed field gel is a clear indication of a 
linear mitochondrial genome. Circular mitochondrial genomes of this size should run much 
faster in the gel. The DNA of the band was digested with Sau 3A and then size fractionated on an 
agarose gel. The DNA from these fractions was isolated from the gel, ligated in pUC-18 digested 
with BamH1 and transformed in E. coli DH101B cells. The titre of the library was 1.12x105. 
From this library, plasmid DNA from 288 different colonies was sequenced with an ABI prism 
3730 online capillary sequencing machine and the mitochondrial genome was assembled as 
described below. The gene library was constructed by Genterprise, Mainz, Germany.
E. crassus was collected from shallow coastal waters of the sandy beach of Porto Recanati (43° 
26' N, 13° 40' E) on the Italian Adriatic Coast, 50 km south of Ancona, July 1984 and cultured in 
the laboratory in artificial sea water (NaCl 465 mM, KCl 10 mM, MgCl2.6H2O 24.8 mM, 
MgSO4.7H2O 28.1 mM, CaCh 10.4 mM, NaHCOs 2.4 mM pH 8.0).
Initially, a culture was kept in artificial seawater in an Erlenmeyer flask and fed with a small 
piece of raw beef. Alternatively, a set of 200 ml tissue flasks was first siliconized, filled with 
approximately 50 ml of artificial seawater, and inoculated with E. crassus cells. These cultures 
were fed with HB101 E. coli cells.
Total DNA of E. crassus was isolated by dissolving cells in 8M guanidiniumchloride and 
purification by hydroxyapatite as described above for E. minuta.
Four fragments of different mitochondrial genes were obtained by PCR with degenerated primers 
on this DNA, i.e. primers directed against the ribosomal genes rn l (5’- 
GTCAAGAGAGAAACAGC-3’, 5’-GCATAGGGTCTTCCCGTC-3’), rns (5’- 
TGTGCCAGCAGCCGCGGTAA-3’, 5’-TCCCMTACCRGTACCTTGTGT-3’) and the 
complex I genes nad7 (5 ’ -TTCGGW CCHCARCAYCCHGC-3’, 5’- 
CTRTCRACYTCWCCRAARAC-3’) and nad10 (5’ -TTYGGHYTNGCHTGHTG-3 ’, 5’- 
ARDGCYTCDSWDGTDGGDGGDCA-3’) On these gene fragments primers for long range 
PCR were developed and long range PCR with LA-Taq-polymerase (5U/^l) (Takara bio inc.) 
was performed. The long range PCR products were digested with different restriction enzymes, 
subcloned in pUC-18 (Sigma) or in pGEM-T easy (Promega) and sequenced. Sequencing was 
performed at the DNA diagnostics centre of the Nijmegen University Medical Center using M13 
forward and reverse primers.
All sequences have been submitted to NCBI GenBank. The GenBank accession-numbers are for 
E. minuta GQ903130 and for E. crassus GQ903131. The protein identifiers are displayed in 
additional file 4.
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Analysis of the sequence data
Sequences were edited using chromas Lite 2.01 (http://www.technelysium.com.au) The edited 
sequences were assembled using BioEdit version 7.0.9.0 (Hall 1999). Open reading frames were 
identified with orf Finder (http://www.ncbi.nlm.nih.gov/gorf/gorf.html). tRNAs were identified 
with tRNAscan-SE (http://www.genetics.wustl.edu/eddy/tRNAscan-SE/ ) and ARAGORN 
(Laslett and Canback 2004). Sequence similarity searches of deduced amino acid sequences were 
performed with BLASTX and BLAST2 (Altschul, Madden et al. 1997). The nucleotide sequence 
similarity searches were conducted with BLASTN (NCBI) and FASTA (EMBL-EBI). Import 
signal prediction was done with Mitoprot (Claros and Vincens 1996), Predotar (Small, Peeters et 
al. 2004) and TargetP (Emanuelsson, Brunak et al. 2007). Alignments were made with ClustalX2 
and ClustalW (Larkin, Blackshields et al. 2007). The program Nucleic Acid Dot Plots 
(http://www.vivo.colostate.edu/molkit/dnadot/index.html) was used for identifying repeat 
structures.
The sequences for the 18S rRNA phylogeny were aligned using the SINA Webaligner 
(http://www.arb-silva.de/aligner), which aligns them in accordance with the ARB/SILVA rRNA 
alignment (Pruesse, Quast et al. 2007) which is based on a secondary structure model (Gutell, 
Larsen et al. 1994). Subsequently we used Gblocks (Castresana 2000) to identify reliably aligned 
parts, using the default settings except that we did not require the coverage for every position to 
be 100%, but rather 80%. We then used PhyML v3.0.1 (HKY85 model, optimised equilibrium 
frequencies, estimated ts/tv ratio, estimated proportion of invariable sites, 4 substitution rate 
categories, estimated gamma distribution parameter, NNI tree topology search, 100 bootstrap 
iterations (Guindon and Gascuel 2003)) to obtain the phylogeny.
The genetic code used for the translation of the Euplotes mitochondrial DNA was derived using 
the standard genetic code for translation of the complete DNA sequence in 6 frames, and 
searching the resulting protein sequences for conserved Pfam-fs protein domains (Bateman, 
Birney et al. 2002) using HMMPFAM (Soding 2005). The amino acid frequencies provided by 
the Pfam HMM profiles were then used to predict the translation of each codon. Averaging over 
all aligned occurrences of the codon, the highest scoring (i.e. most often aligned) amino acid was 
predicted to be the translation of the codon in vivo.
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Figure S2: Multiple sequence alignment o f the C-terminal part o f Coxl 
[http://www.biomedcentral.com/content/supplementary/1471 -2164-10-514-S2.pdf]
Additional file 3
Figure S3: Multiple sequence alignment o f the C-terminal part o f the ribosomal protein S3 
[http://www.biomedcentral.com/content/supplementary/1471-2164-10-514-S3 .pdf]
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Additional file 4
Euplotes minuta Euplotes crassus
gene proteinjdentifier Gene protein identifier
NAD5 ACX30940 NAD5 ACX30976
ORF145 ACX30941 ORF449 ACX30977
ORF259 ACX30942 ORF197 ACX30978
ORF163 ACX30943 ccmF/jeyR ACX30979
ccmF/jeyR ACX30944 cytb ACX30980
cytb ACX30945 ORF129 ACX30981
ORF78 ACX30946 COX2 ACX30982
COX2 ACX30947 RPL14 ACX30983
RPL14 ACX30948 COX1 ACX30984
COX1 ACX30949 NAD4L ACX30985
NAD4L ACX30950 ORF311 ACX30986
ORF187 ACX30951 ORF134 ACX30987
R PS3 ACX30952 RPS3 ACX30988
ORF96 ACX30953 ORF101 ACX30989
NAD9 ACX30954 NAD9 ACX30990
ORF111 ACX30955 ORF175 ACX30991
NAD2 ACX30956 ORF147 ACX30992
RPL16 ACX30957 NAD2 ACX30993
NAD4 ACX30958 ORF45 ACX30994
RPS12 ACX30959 RPL16 ACX30995
NAD10 ACX30960 NAD4 ACX30996
ORF267 ACX30961 RPS12 ACX30997
RPL2 ACX30962 NAD10 ACX30998
ORF102 ACX30963 ORF267 ACX30999
ORF155 ACX30964 RPL2 ACX31000
R PS4 ACX30965 ORF156 ACX31001
NAD7 ACX30966 ORF141 ACX31002
ORF49 ACX30967 R PS4 ACX31003
NAD1b ACX30968 NAD7 ACX31004
ORF125 ACX30969
ORF380 ACX30970
ATP9 ACX30971
ORF190 ACX30972
ORF170 ACX30973
NAD3 ACX30974
NAD1a ACX30975
Protein identifiers: Accession numbers of mitochondrion-encoded proteins.
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Introduction
Hydrogenosomes had been defined operationally as ATP-generating organelles that produce 
hydrogen. They are found in various, rather unrelated eukaryotic lineages such as anaerobic 
flagellates, chytridiomycete fungi, and ciliates (Müller 1993; Roger 1999). These 
hydrogenosomes are rather different, just like mitochondria, where also large differences exist in 
structure and metabolism (Tielens, Rotte et al. 2002). The evolutionary origin of 
hydrogenosomes is debated because an organelle-associated genome that could establish their 
evolutionary relationship with mitochondria has been lacking (Embley, van der Giezen et al. 
2003; Dyall, Brown et al. 2004). Here we show that the hydrogenosomes of the anaerobic ciliate 
Nyctotherus ovalis, which thrives in the hindgut of cockroaches, have retained a rudimentary 
genome encoding components of a mitochondrial electron transport chain. Phylogenetic analyses 
reveal that the proteins of this electron transport chain cluster with their homologues from 
aerobic ciliates. Also, a number of nuclear encoded components of the mitochondrial proteome, 
such as pyruvate dehydrogenase and complex II, were identified. Moreover, the N. ovalis 
hydrogenosome was found to be sensitive to various inhibitors of mitochondrial complex I and to 
produce succinate as a major metabolic end product - biochemical traits typical of anaerobic 
mitochondria (Tielens, Rotte et al. 2002). The production of hydrogen (the defining attribute of 
hydrogenosomes), together with the presence of a genome encoding respiratory chain 
components, and biochemical features characteristic of anaerobic mitochondria, identify the N. 
ovalis organelle as a bona fide missing link between mitochondria and hydrogenosomes.
Hydrogenosomes and their highly reduced relatives, mitosomes, generally lack an organelle 
genome (van der Giezen, Sjollema et al. 1997; Clemens and Johnson 2000; Dyall, Brown et al. 
2004; Leon-Avila and Tovar 2004) hampering clarification of their origin. Two scenarios for the 
origin of hydrogenosomes are currently debated. The first posits that the ancestral mitochondrial 
endosymbiont gave rise to aerobically functioning mitochondria, which subsequently evolved 
into hydrogenosomes by the acquisition of genes encoding enzymes essential for an anaerobic 
metabolism (Fenchel and Finlay 1995; Embley, Horner et al. 1997; Martin, Hoffmeister et al. 
2001; van der Giezen, Slotboom et al. 2002; Voncken, Boxma et al. 2002). The second 
hypothesis presumes that hydrogenosomes and mitochondria originated from one and the same 
ancestral - facultatively anaerobic - (endo)symbiont, followed by specialization to aerobic and 
anaerobic niches during eukaryotic evolution (Martin and Müller 1998; Martin, Hoffmeister et 
al. 2001).
Results
To address this issue we investigated DNA in hydrogenosomes of N. ovalis, which was 
previously identified by immunocytochemical means (Akhmanova, Voncken et al. 1998). Intact 
N. ovalis hydrogenosomes isolated by cell fractionation contained DNA between 20 and 40 kb in
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size. Long range PCR with this DNA using specific primers for the hydrogenosomal SSU rRNA 
(Akhmanova, Voncken et al. 1998) and nad7 (obtained earlier by PCR with degenerated 
primers) yielded a 12 kb fragment of the organellar genome. It encodes four genes of a 
mitochondrial complex I (nad2, nad4L, nad5, and nad7), two genes encoding mitochondrial 
ribosomal proteins RPL 2 and RPL 14, and a tyrtRNA gene (Fig. 1).
Figure 1: A 14,027 bp fragment (mtg 1) of the hydrogenosomal genome of N. ovalis var. Blaberus Amsterdam. 
Black boxes: RNA coding genes; shaded boxes: genes with significant similarity to mitochondrial genes; white 
boxes: unknown open reading frames (ORFs). These ORFs are named according to the number of codons; arrows: 
cDNAs identified so far. The numbers indicate the nucleotide positions on the 14 kb clone (mtg 1). The longest ORF 
(4179-9728) contains a stretch with significant similarity to nad5. A potential start codon for a putative nad5 
transcript is marked by an asterisk.
Nad2 and nad4L, which are generally poorly conserved among ciliates, could be identified using 
multiple sequence alignments and an analysis of their membrane-spanning domains as described 
by Brunk et al. (2003) (Brunk, Lee et al. 2003). Phylogenetic analysis revealed clustering of 
these genes with their homologues from the mitochondrial genomes of aerobic ciliates (Fig. 2, 
and supplementary material).
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Figure 2: Phylogenetic analysis of hydrogenosomal genes. Both, the organellar 12S (SSU ) rRNA gene (B ) and 
the nuclear hsp 60 (C), reveal a ciliate ancestry for the hydrogenosome of N. ovalis. The same is true for the 
components of a “mitochondrial” complex I, the nad7 (49 kD; organellar, A) and 51 kD (nuclear, D) genes. The 
phylogenies were derived using MrBayes and neighbour joining: the topologies correspond to the M L (MrBayes) 
approach, and the values at the nodes indicate the posterior probability for the partition and its bootstrap value, 
respectively. Only values higher than 50% are indicated. See Supplementary material. EB : eubacteria.
All genes exhibit a characteristic mitochondrial codon-usage and lack N-terminal extensions that 
could function as a mitochondrial targeting signal (Table 1). cDNAs isolated for nad5 and nad7
70
show that they are transcribed. Translation using a N. ovalis nuclear genetic code, rather than the 
ciliate mitochondrial code, leads to numerous stop codons (not shown). Five additional ORFs 
(ORF 236, 262, 71, 161, 199) do not show significant sequence similarity to ORFs from the 
mitochondrial genomes accessible in the EMBL database. Two ORFs overlap with neighbouring 
ORFs as in other mitochondrial genomes (Burger, Gray et al. 2003).
Table 1 N yctotherus ovalis genes encoding mitochondrial proteins and RNAs
Type Gene product Localization Codon cDNA Target Accession
of the gene use signal no.
Mt complex I NAD2 H Mt No AJ871267
NAD4L H Mt No AJ871267
NAD5 H Mt Yes* No AJ871267
NAD7 H Mt Yest No AJ871267
24 kDa N Nuc Yes AY628688
51 kDa N Nuc Yest Yes AY608632
75 kDa N Nuc Yes AJ871573
Mt complex I I SDH a N Nuc Yes§ Yes AY616152
SDH b N Nuc Yssll Yes AY619980
Mt protein synthesis Putative rRNA methyltransferase 2 N Nuc AJ871313
Mt ribosomal proteins RPL2 H Mt AJ871267
RPL 14 H Mt AJ871267
RPL 20 N Nuc ? AJ871314
Mt tRNA tRNA tyrosine H rna AJ871267
Mt rRNA 12S rRNA (SSU) H rna AJ871267
Mt catabolism/energy metabolism PDH E1a N Nuc Yesl Yes AY623917
PDH E1|3 N Nuc Yes“ Yes AY628683
PDHE2 N Nuc Yesft Yes AY623925
[Fe] Hydrogenase N Nuc Yes# Yes AY608627
Acetyl-coenzyme A synthase 2 N Nuc No AJ871315
(EC 6.2.1.1)
Adenylate kinase 2 {EC 2.7.4.3) N Nuc No AJ871316
Adenylate kinase 2 isoform c = HK2418 N Nuc AJ871317
Probable D-lactate dehydrogenase N Nuc Yes AJ871318
[cytochrome] (EC 1.1.2.4)
Succinyl-CoA ligase N Nuc Yes AJ871319
Succiny1-CoA:3-ketoacid-coenzyme N Nuc Yes AJ871320
A transferase
Glycerol kinase N Nuc ? AJ871321
Mt carrier family AAC N Nuc No AF480921
Putative mt carrier protein PET8 N Nuc No AJ871322
YNL003C_Chr
Mt import/processing Mt processing peptidase alpha subunit N Nuc ? AJ871323
HSP 60 N Nuc Yes AJ871324
HSP 70 N Nuc No AJ871325
Heat shock protein HSP82 YMRl86W_Chr N Nuc No AJ871326
TOM 34 N Nuc No AJ871327
Mt protein import protein MAS5 N Nuc ? AJ871328
(Protein YDJ1)
Stress-70 protein, mt precursor N Nuc 7 AJ871329
For a complete table see Supplementary Information. Isl, nucleus; H, hydrogenosome; nuc, nuclear; mt, mitochondrial; mtg 1,12-kb clone of hydrogenosomal genome (AJ871267); ?, low-probability 
support so far because full-length cDNAs have not yet been isolated (the N terminus might be incomplete, or it might contain an in-frame intron or alternative start codons).
Accession numbers for cDNAs: * AJ871574 and AJ871575; f AJ871576; ¿AY608633 and AY608634; §AY616150 and AY616151; ||AY619981; 1AY623919; “ AY628684; ft  AY623926; ttAY608633 
and AY608634.
Table 2 Glucose metabolism of N ycto therus ovalis
Labelled end products [U-14C]glucose [6-1dC]glucose
(nmol h 1 per mg protein) (% r Oiimol h ~1 per mg protein) (% r
Acetate 427 53 467 ± 87 65 ± 22
Lactate 220 27 156 ± 116 20 ± 13
Succinate 112 14 79 ±65 10 ± 7
Ethanol 44 5 29 ± 26 4 ± 3
C02 205 - ND -
Formate ND - ND -
Cells were incubated for 48 h at 25CC in micro-aerobic conditions in medium with either [U-,4C]glucose or [6-14C]glucose. Excreted end products are shown as means ± s.d. of three Independent 
experiments ([6-l4C]glucose) or as the means of two independent experiments ([U-14C)glucose). Other excreted end products were less than 2% of the total excreted end products. ND, not detectable, 
‘Percentage of the total of acetate, lactate, succinate and ethanol.
Macronuclear gene-sized chromosomes encoding the 24 kD, 51 kD, and 75 kD subunits of 
mitochondrial complex I and the Fp and Ip subunits of mitochondrial complex II were cloned
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using a PCR-based approach. These have a nuclear codon usage, are transcribed (Table 1), 
encode a putative N-terminal mitochondrial targeting signal and branch with their mitochondrial 
homologues from aerobic ciliates in phylogenetic analyses (Fig. 2; Table 1; supplementary 
material). They are similar to the two complex I-like Ndh51 and Ndh24 proteins discovered in 
Trichomonas vaginalis (Dyall, Yan et al. 2004; Hrdy, Hirt et al. 2004), as a phylogenetic 
analysis, which includes the mitochondrial homologues from N. ovalis and certain aerobic 
ciliates, reveals that all these proteins belong to a cluster of mitochondrial complex I homologues 
(see supplementary material). Thus, in N. ovalis, seven out of the 14 genes encoding core 
proteins of mitochondrial complex I and two of the four proteins of a mitochondrial complex II 
have been identified so far. They are well conserved, are transcribed, and cluster with the 
mitochondrial homologues of their aerobic (ciliate) relatives suggesting that the hydrogenosomes 
of N. ovalis have retained parts of a functional mitochondrial electron-transport chain.
Hydrogenosomes of N. ovalis have typical mitochondrial cristae and contain cardiolipin. They 
are closely associated with endosymbiotic methanogens, which are biomarkers for hydrogen 
formation by the N. ovalis hydrogenosomes (van Hoek, van Alen et al. 2000) (Fig. 3A). The 
organelles stain with Mitotracker Green FM® and fluoresce with Rhodamine 123, indicating the 
presence of a membrane potential (Fig. 3). FCCP (5^M) prevented staining with Rhodamine 123 
suggesting the presence of a proton gradient. Moreover, staining of the hydrogenosomes with 
Rhodamine 123 was also prevented after incubation of the ciliates with Rotenone, Piericidin, 
Fenazaquin, and MPP+ (classical inhibitors of mitochondrial complex I (Degli Esposti 1998)), 
but not with cyanide (1 mM) or Antimycin A (inhibitors of mitochondrial complex III/IV; Fig. 3 
). Likewise, treatment with cyanide and salicylhydroxamic acid (SHAM), inhibitors of 
mitochondrial complex IV of the respiratory chain and the plant-like alternative oxidase known 
from certain mitochondria (Tielens, Rotte et al. 2002), respectively, neither killed N. ovalis nor 
interfered with its oxygen consumption under aerobic conditions (not shown). These 
observations indicate not only the absence of a functional complex III and IV, and the absence of 
a terminal (plant-like) alternative oxidase, but reveal also the presence of a functional 
mitochondrial complex I as source of the organellar proton gradient (Tielens, Rotte et al. 2002). 
The oxygenconsumption of N. ovalis observed under aerobic conditions is most likely a 
detoxification mechanism, and longer exposure to atmospheric oxygen kills the ciliates 
effectively.
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D E F
Figure 3: Electron micrographs of a hydrogenosome of N. ovalis (A ) and a mitochondrion of Euplotes spec. (B). m: 
endosymbiotic methanogenic archaeon (Akhmanova, Voncken et al. 1998; van Hoek, van Alen et al. 2000); white 
arrowheads mark cristae. Bar: 1^m. C: Fluorescence picture of N. ovalis hydrogenosomes (bright dots), which were 
released from the cell by gentle squashing after in vivo staining with ethidium bromide. D: also Rhodamine-123 
(R123) stains the hydrogenosomes, the only organelles matching the expected size (c.f. A, and Supplementary 
material). E: Mitotracker green FM® (M G) stains the same organelles. The inserts in D and E  (outside the ciliate) 
display the organelles seen in the box inside the ciliate. F,H ,I: Incubation of living cells with inhibitors of 
mitochondrial complex I (Rotenone, Piericidin, MPP+) (Degli Esposti 1998) completely prevented R123 staining of 
the organelles. G: Incubation with cyanide (1 mM) or Antimycin A (not shown) does not interfere with R123 
staining. For additional information see text and Supplementary material.
73
Metabolic experiments using tracer amounts of uniformly labelled 14C-glucose (U -14C) revealed 
that N. ovalis catabolises glucose predominantly into acetate, lactate, succinate and smaller 
amounts of ethanol - in addition to CO2 (Table 2). The presence of oxygen did not cause 
significant changes in the excreted end product pattern (not shown). Notably, incubations in the 
presence of [6-14C] glucose did not result in the formation of labelled CO2. Since 14C-labelled 
CO2 is released from [6- 14C] glucose by the successive decarboxylations through multiple 
rounds in the Krebs cycle, the absence of labelled CO2 after application of [6-14C] glucose 
indicates the absence of a complete Krebs cycle. The observed excretion of 14C labelled CO2 
after incubation with [U -14C] glucose could be the result of either pyruvate dehydrogenase 
(PDH) activity, as in typical aerobic mitochondria, or of pyruvate:ferredoxin oxidoreductase 
(PFO) activity, as in the hydrogenosomes of T. vaginalis. A third possibility for pyruvate 
catabolism, pyruvate formate lyase (PFL) activity (Akhmanova, Voncken et al. 1999; Boxma, 
Voncken et al. 2004), can be excluded since no detectable amounts of formate were produced 
from [U -14C] glucose (Table 2). We failed to identify genes for PFO but succeeded in isolating 
three out of the four PDH genes, i.e. E1 alpha, E1 beta, and E2 subunits, which are expressed as 
cDNA, suggesting that N. ovalis uses a mitochondrial PDH for oxidative decarboxylation. 
Significant amounts of [14C]-labelled succinate from both [U -14C] and [6-14C] glucose (Table 2) 
indicate that endogenously produced fumarate is used as a terminal electron acceptor, as in some 
anaerobic mitochondria (Tielens, Rotte et al. 2002). Fumarate reduction in N. ovalis (to account 
for the production of succinate) is most likely catalyzed by a membrane bound complex II (see 
above; Table 1; supplementary material), which is coupled to complex I via electron transport 
mediated by quinones (Tielens, Rotte et al. 2002). Mass-spectrometry coupled to liquid- 
chromatography of lipid extracts from N. ovalis revealed the presence of small amounts of 
quinones (rhodoquinone 9 and menaquinone 8) at a concentration of approximately 1 pmol per 
mg protein (supplementary material). This amount is at least two orders of magnitude lower than 
in other eukaryotes known to possess anaerobic mitochondria producing succinate (van 
Hellemond, Klockiewicz et al. 1995). The low concentration of quinones in N. ovalis cells might 
reflect the intermediate state of their hydrogenosomes, which occupy a position between 
mitochondria (which contain a membrane-bound electron transport chain), and previously 
characterized hydrogenosomes (which do not) (Müller 1993; Martin, Hoffmeister et al. 2001; 
Tielens, Rotte et al. 2002; Embley, van der Giezen et al. 2003; Dyall, Brown et al. 2004; Dyall, 
Yan et al. 2004).
Although an FoF1ATP synthase has not been identified yet, the hydrogenosome of N. ovalis 
clearly has retained certain basal energy-generating functions of an aerobically functioning 
mitochondrion (Tielens, Rotte et al. 2002). In order to explore the presence of additional 
“mitochondrial” traits in N. ovalis, we performed a reciprocal Smith-Waterman sequence 
comparison between about 2000 six-frame-translated clones from our gDNA library of N. ovalis 
and the yeast (Sickmann, Reinders et al. 2003) and human (Cotter, Guda et al. 2004) 
mitochondrial proteins. We identified 53 additional nuclear genes encoding potential
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mitochondrial proteins in addition to components of the mitochondrial import machinery 
(Supplementary material; Table 1).
In contrast, the hydrogenase of N. ovalis does not exhibit any mitochondrial traits. This 
hydrogenase is rather unusual when compared with other eukaryotic ones, because it appears to 
be a fusion of a [Fe] hydrogenase with two accessory subunits of different evolutionary origin 
(Akhmanova, Voncken et al. 1998; Embley, van der Giezen et al. 2003). These subunits should 
allow NADH reoxidation in combination with the [Fe] hydrogenase, since they exhibit a 
significant sequence similarity with the hox F  and hox U  subunits of beta proteobacterial [Ni-Fe] 
hydrogenases - in contrast to similar, recently described hydrogenosomal proteins (24 kD and 
51kD) of putative mitochondrial origin of T. vaginalis (Dyall, Yan et al. 2004; Hrdy, Hirt et al. 
2004). The “mitochondrial” 24 kD and 51 kD genes of N. ovalis are clearly different from the 
above-mentioned hydrogenase-modules and are likely to function in the mitochondrial complex I 
(Table 1; Fig. 3; supplementary material). Moreover, the catalytic centre of the hydrogenase (the 
H-cluster) does neither cluster with any of the hydrogenases of Trichomonas, Piromyces , and 
Neocallimastix studied so far -  nor with any of the hydrogenase-related Nar proteins, which 
seem to be shared by all eukaryotes. Rather the N. ovalis hydrogenase is more closely related to 
[Fe] hydrogenases from delta proteobacteria (Akhmanova, Voncken et al. 1998; Voncken, 
Boxma et al. 2002; Embley, van der Giezen et al. 2003). These observations suggest that the 
hydrogenase of N. ovalis has been acquired by lateral gene transfer.
It should be realized that the hydrogenosome of N. ovalis is so far unique, and not representative 
for all hydrogenosomes, which appear to have evolved repeatedly and independently - albeit 
from the same ancestral mitochondrial-type organelle. In the case of the hydrogenosomes of N. 
ovalis all our data identify this organelle as a ciliate-type mitochondrion that produces hydrogen. 
The presence of mitochondrial complex I and II respiratory-chain activity, in combination with 
hydrogen formation, characterises the N. ovalis hydrogenosome as a true missing link in the 
evolution of mitochondria and hydrogenosomes.
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Methods
Nyctotherus ovalis: Ciliates were isolated from the hindgut of the cockroach Blaberus 
sp. (strain Amsterdam) taking advantage of their unique (anodic) galvanotactic 
swimming behaviour (van Hoek, Sprakel et al. 1999). After the ciliate's arrival at the anode, cells 
were picked up with a micropipette, inspected individually under a dissecting microscope at 40X 
magnification, collected in an Eppendorf tube, and washed three times with anaerobic 
electromigration buffer. Euplotes sp.: Ciliates belonging to the Euplotes crassus/vannus/minuta 
complex were cultured in artificial sea water, feeding on bacteria growing on an immersed small 
piece of meat (approx. 1 g of beefsteak). In addition, the ciliates were fed E. coli, which were 
added in weekly intervals. Ciliates were harvested by centrifugation.
Electron microscopy of N. ovalis and Euplotes sp. was performed as described earlier 
(Akhmanova, Voncken et al. 1998; Voncken, Boxma et al. 2002)
Fluorescence microscopy was performed with a Noran OZ® videorate confocal microscope as 
described earlier (Koopman, Scheenen et al. 2001). Inhibitors were used in concentrations of 1 
mM. They were dissolved in N. ovalis culture medium (Van Hoek, Sprakel et al. 1999). The 
Rotenon solution contained 10% DMSO, the Fenazaquin solution 1% of DMSO.
M etabolite and quinone determ inations.
Micro-aerobic incubations with N. ovalis were performed in rotating (20 rpm) sealed incubation 
flasks containing 5 ml incubation medium (containing 10,000-15,000 cells). All incubations were 
performed for 48 hours and contained either 10 |iCi [U- 14C]glucose or 10 |iCi [6-14C]glucose 
(2.07 GBq/mmol), both from Amersham. Incubations were terminated by addition of 300 |il of 6 
M HCl to lower the pH from 7.2 to pH 2.0. N. ovalis cells were separated from the medium by 
centrifugation (5 min. at 500g at 4°C), excreted end products were analysed by anion exchange 
chromatography on a Dowex 1X8 column. Quinones were separated by liquid chromatography 
and detected by a Sciex API 300 triple quadrupole mass spectrometer (see Supplementary 
information).
Isolation of organellar DNA.
N. ovalis cells were washed once with isolation buffer (0.35 M sucrose/10 mM Tris 
HCl pH7/2mM EDTA), and disrupted in a Dounce-homogenizer. Nuclei were spun 
down at 3000g for 5 min, organelles were pelleted from the supernatant at 10,000g 
for 30 min. Genomic DNA was isolated using standard procedures or after lysis of the cells in 
8M guanidinium chloride.
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gDNA library.
Gene-sized chromosomes were randomly PCR-amplified using telomere specific 
primers, size-fractionated in agarose gels, and cloned in pGEM-T-easy (Promega, 
Mannheim). Clones sized between 0.5 and 5 kb were end-sequenced and analysed 
manually by TBLASTX (http://www.ncbi.nlm.nih.gov/BLAST/). Searches were conducted with 
BLASTN and FASTA.
cDNA library.
RNA was isolated with the RNeasy Plant minikit from Qiagen. cDNA was prepared 
with the Smart Race cDNA amplification kit from Clontech. ESTs were amplified by PCR with 
the universal adaptor primer provided with the kit and the various, specific 
internal primers.
Complete m acronuclear gene-sized chromosomes.
Telomere-specific primers in combination with internal gene sequences allow a straightforward 
recovery of the complete gene (Curtis and Landweber 1999). The specific (internal) primers 
were based on the DNA sequences of internal fragments of the various genes, which were 
recovered earlier by PCR using degenerated primers for conserved parts of the various genes.
Phylogenetic analysis (for references see Supplem entary m aterial ).
Protein sequences were aligned using ClustalW and Muscle, unequivocally aligned positions 
were selected with Gblocks or manually. Phylogenies were inferred with Maximum Likelihood 
(ML) using four gamma-distributed rate categories plus invariant positions and the Poisson 
amino acid similarity matrix, and neighbour joining (NJ) as implemented in ClustalW, correcting 
for multiple substitutions using the Gonnet amino acids identity matrix, and bootstrapping with 
100 samples.
Open reading frames with a lower size limit of 100 nucleotides were identified with 
ORF Finder (http://www.ncbi.nlm.nih.gov/gorf/gorf.html). tRNAs were identified with 
tRNAscan-SE(http://www.genetics.wustl.edu/eddy/tRNAscan-SE/).
Potential mitochondrial import signals were detected with MITOP (http://mips.gsf.de/cgi- 
bin/proi/medgen/mitofilter). Sequence searches were performed with BLASTX 
(http://www.ncbi.nlm.nih.gov/BLAST/), BLASTN and FASTA.
Supplementary Information accompanies the paper on www.nature.com/nature
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A bstract
It is generally accepted that hydrogenosomes evolved from a mitochondrial ancestor. However, 
until recently, only indirect evidence for this hypothesis was available. Here we present the 
almost complete genome of the hydrogenosomes of the aneaerobic ciliate Nyctotherus ovalis and 
show that, except for the notable absence of genes encoding respiratory chain components of 
complex III, IV and V, it has a similar gene content as the mitochondrial genomes of aerobic 
ciliates.
The analysis of the hydrogenosomal genome, in combination with that of more than 9.000 gDNA 
and cDNA sequences allows a preliminary reconstruction of the organellar metabolism. The 
sequence data indicate that N. ovalis possesses hydrogen producing mitochondria that have a 
truncated, two step (Complex I and II) respiratory chain that uses fumarate as electron acceptor. 
In addition, components of an extensive protein network for the metabolism of amino-acids, 
defense against oxidative stress, mitochondrial protein synthesis, mitochondrial protein import 
and processing, and transport of metabolites across the mitochondrial membrane were identified. 
Even the genes for MPV17 and ACN9, two hypothetical proteins linked to disease in human 
mitochondria were found. This inferred metabolism is remarkably similar to the organellar 
metabolism of the phylogenetically unrelated anaerobic stramenopile Blastocystis. Notably, also 
the Blastocystis organelle lacks genes encoding components of complexes III, IV and V. 
Surprisingly, we identified a cytochrome c1 gene in N. ovalis while cox1 and cox2 genes could 
not be identified. Remarkably, the cysteins that normally bind the heme group have been lost 
from this cytochrome c1, rendering the protein non-functional for electron transfer. In addition, 
we found genes obtained by horizontal gene transfer that are involved in the metabolism of the 
hydrogenosome. Thus, the hydrogenosomes of N. ovalis are not simply rudimentary organelles 
but highly specialized, hydrogen producing mitochondria.
B2
Introduction
Mitochondria are essential organelles in aerobic eukaryotes. They play a central role in ATP 
production as well as in many other cellular processes, such as apoptosis, cellular proliferation, 
heme synthesis, steroid synthesis and FeS cluster assembly (Miller 1995; Lill and Kispal 2000; 
Scheffler 2001; Duchen 2004). Aerobic mitochondria use oxygen as terminal electron acceptor, 
oxidizing NADH and FADH2 while producing ATP with the aid of an ATP synthase that 
exploits the proton gradient generated by the electron transport chain. Eukaryotes living under 
anaerobic circumstances have evolved a spectrum of organelles that are homologous to 
mitochondria and have names like anaerobic mitochondria, hydrogenosomes, mitosomes, 
mitochondrial remnants, modified mitochondria or mitochondria-like organelles, reflecting their 
metabolic peculiarities (Tielens, Rotte et al. 2002). Hydrogenosomes use protons as electron 
acceptors, producing ATP and hydrogen. They are found in various unrelated anaerobic 
eukaryotes such as anaerobic flagellates, chytridiomycete fungi and a broad spectrum of 
anaerobic ciliates (Hackstein, Akhmanova et al. 2001; Embley, van der Giezen et al. 2003; 
Embley and Martin 2006; Hackstein, Baker et al. 2008; Hackstein, de Graaf et al. 2008; de 
Graaf, Duarte et al. 2009). Mitosomes neither produce hydrogen nor ATP, but in general have 
retained components of a FeS cluster synthesizing machinery, which is now believed to be the 
reason why mitochondria, hydrogenosomes and mitosomes are essential to eukaryotic life 
(Henze and Martin 2003; Yarlett 2004; Goldberg, Molik et al. 2008). Even for Entamoeba 
(Aguilera, Barry et al. 2008) and Mastigamoeba balamuthi that have been regarded as the 
potential exception to this pattern (Gill, Diaz-Trivino et al. 2007), evidence is now mounting that 
also they assemble FeS clusters in their mitochondria-derived organelles (Maralikova, Ali et al. 
2009). All eukaryotic organisms studied so far in sufficient molecular and ultrastructural detail 
appear to possess mitochondria, hydrogenosomes or mitosomes. Furthermore, no species has 
been found that contain e.g. both a mitochondrion and a mitosome or a mitochondrion and a 
hydrogenosome, supporting the hypothesis that these organelles have a common origin. Despite 
this common origin, mitochondria, hydrogenosomes and mitosomes are very diverse: not only in 
the size of their proteomes, but also by virtue of their protein composition and function 
(Gabaldón and Huynen 2004). However, aerobic text-book mitochondria possess two 
characteristics: they have retained a genome, allowing unambiguous documentation of their 
descent from an alpha-proteobacterium by phylogenetic analyses (Lang, Gray et al. 1999) and 
they contain an electron transport chain with complexes I through IV and an ATPase. In the 
evolution of mitochondria, hydrogenosomes and mitosomes from an alpha-proteobacterium, a 
large number of genes and proteins have been lost, gained from various sources, or retargeted to 
other organelles, thus shaping the huge diversity of current mitochondria and their homologs in 
various species (Gabaldón and Huynen 2004). Within the evolutionary “gap” between species 
with genome-containing mitochondria and species with mitosomes or hydrogenosomes (both 
lacking an organelle genome), the species Nyctotherus ovalis provides an interesting link. 
Nyctotherus ovalis is an anaerobic ciliate that lives in the hindgut of various cockroach species. It 
has numerous hydrogen producing organelles per cell that are intimately associated with
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endosymbiotic methane-producing archaea that use the hydrogen produced by the organelles. 
Despite the hydrogenosomal metabolism of this organelle, we have subsequently found that it 
actually has a genome (Akhmanova, Voncken et al. 1998), similar to mitochondrial genomes 
(Gray 2005), that encodes elements of a respiratory chain (Boxma, de Graaf et al. 2005). 
Phylogenetic analyses of the hydrogenosomal genome of N. ovalis show that it has evolved from 
the genome of an aerobic mitochondrion of a ciliate ancestor (Boxma, de Graaf et al. 2005), 
providing direct evidence that hydrogenosomes can evolve from mitochondria. This blurs the 
distinction between mitochondria and hydrogenosomes. A comparable situation is found in the 
hydrogenosome-like organelles of the phylogenetically completely unrelated stramenopile 
Blastocystis that also retained a mitochondrial genome and parts of an electron transport chain 
(Perez-Brocal and Clark 2008; Stechmann, Hamblin et al. 2008; Wawrzyniak, Roussel et al. 
2008). Since this organelle also hosts a [FeFe] hydrogenase, it can be regarded as a 
hydrogenosome, although thus far no hydrogenase activity has been demonstrated in this species 
(Lantsman, Tan et al. 2008; Stechmann, Hamblin et al. 2008).
Also for other (genome-less) types of hydrogen producing organelles evidence now accumulates 
that they have evolved from mitochondria (Embley and Martin 2006). Although, in absence of an 
organellar genome, the evidence for that homology is based completely on phylogenetic analyses 
of their proteome. Based on the phylogenetic analyses of Complex I subunits, the 
hydrogenosomes of the parabasalid Trichomonas have been inferred to share a common ancestor 
with mitochondria (Hrdy, Hirt et al. 2004). Also, the hydrogenosomes of anaerobic chytrids 
evolved from the mitochondria of their aerobic ancestors (Akhmanova, Voncken et al. 1998). It 
is therefore likely that hydrogenosomes arose repeatedly by evolutionary tinkering as an 
adaptation to the particular requirements of their hosts, which thrive in rather different 
environments.
Here we trace the evolution of the organelle genome and the anaerobic metabolism of N. ovalis. 
We describe the isolation and sequence analysis of the major part (41666bp) of the organelle 
genome, and we compare it with the mitochondrial genomes of the ciliates Paramecium aurelia, 
Tetrahymena spp. and Euplotes minuta as well as with the mitochondrial/hydrogenosomal 
genome of the stramenopile Blastocystis sp. We show that the organellar genome of N. ovalis is a 
typical ciliate mitochondrial genome except for the obvious absence of genes encoding 
components of complex III, IV, and V. The lack of evidence for the presence of these genes in N. 
ovalis coincides with the definitive absence of these genes from the organellar genome of 
Blastocystis. By comparing the hydrogenosomal proteins and pathways of N. ovalis with the 
various hydrogenosomes, mitosomes, mitochondria-like organelles and mitochondria, we show 
that the N. ovalis organelle is as complex as some simple mitochondria. A comparison of the 
Horizontal Gene Transfer (HGT) in N. ovalis with the HGT in rumen ciliates (Ricard, McEwan 
et al. 2006), shows that, although the genes involved are quite different, in both cases they have 
likely allowed the adaptation and exploitation of new (anaerobic) ecological niches.
B4
Results
Gene content and structure of the organellar genome of Nyctotherus ovalis
In 2005, Boxma et al. have shown that a 14Kb fragment of the organellar genome of the 
anaerobic hydrogen producing ciliate N. ovalis that had been isolated from the cockroach 
Blaberus sp. var. Amsterdam was of mitochondrial origin. Here we describe an analysis of the 
nearly complete organellar genome. Pulsed field gel electrophoresis followed by southern blot 
hydridization with two different P-labeld probes, nad7 and 12S (ms), indicated that the size of 
the organellar genome of N. ovalis exceeds 48 Kb (Fig. 1).
PFGEand Southern blotting on N. ovalis gDNA
Nad 7 12s
Figure 1: Pulsed field gel electrophoresis of total DNA of N. ovalis and southern blot hydbridzations with32P labeld 
Nad7 and 12S probes.
A clone library was constructed from organellar DNA that had been extracted from pulsed field 
gels. Mitochondrial genes were identified by Blast analysis (Altschul, Madden et al. 1997) and, 
in the case of non-overlap, subjected to long-range PCR to fill the gaps between the fragments. 
Using this approach the major part of this genome (41666bp) has been sequenced and 
reconstructed as one single contig. This part of the organellar genome contains an almost 
complete set of genes found in the mitochondrial genomes of other ciliates (Table 1, Fig. 2). In 
addition we found a stretch larger than 11 Kb that possesses 7 open reading frames (orfs) with no 
significant sequence similarity to any known genes.
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Table 1: Various genes encoded by the organellar genomes of N  ovalis, Blastocystis, E. minuta and P. falciparum.
gene N. ovalis Blastocystis E. minuta P. falciparum gene N. ovalis Blastocystis E. minuta P. falciparum
nadl ■ ■ ■ □ rps13 □ ■ □ □
nad2 ■ ■ ■ □ rps14 ■ ■ □ □
nad3 ■ ■ ■ □ rps19 □ ■ □ □
nad4 ■ ■ ■ □ rpl2 ■ ■ ■ □
nad4L ■ ■ ■ □ rpl6 ■ ■ ■ □
nad5 ■ ■ ■ □ rp lll □ ■ □ □
nad6 ■ □ rpl14 ■ ■ ■ □
nad7 ■ ■ ■ □ rpl16 □ ■ ■ □
nad9 ■ ■ ■ □ trnA □ ■ □ □
nadlO ■ ■ □ trnC □ ■ □ □
n ad ll ■ □ trnE □ ■ ■ □
rnl ■ ■ ■ ■ trnF ■ ■ ■ □
rns ■ ■ ■ ■ trnH □ ■ ■ □
cob □ □ ■ ■ trnI □ ■ □ □
coxl □ □ ■ ■ trnK □ ■ □ □
cox2 □ □ ■ □ trnL □ ■ □ □
cox3 □ □ ■ trnM □ ■ ■ □
atp9 □ □ ■ □ trnN □ ■ □ □
ccmF/yejR □ □ ■ □ trnW ■ ■ ■ □
rps3 □ ■ ■ □ trnY ■ ■ ■ □
rps8 ■ ■ □ □ trnP □ ■ □ □
rpslO □ ■ □ □ trnD □ ■ □ □
rps12 ■ ■ ■ □ trnQ □ □ ■ □
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Figure 2: Organellar gene maps of Nyctotherus ovalis andEuplotes minuta.
Red: Complex I genes, blue: rRNA genes, green: ribosomal proteins, yellow: Complex III and IV  genes, grey: 
unidentified open reading frames, pink: repeat region, dark grey: atp9 gene, white: intergenic spacers. Capital letters 
indicate the various tRNA genes. Arrows: direction of transcription.
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Notably, the current sequence of the organellar genome with significant similarity to the 14 Kb 
fragment described earlier (Boxma, de Graaf et al. 2005), appeared to be not identical with the 
sequence from Nyctotherus ovalis strain from Blaberus sp. var. Amsterdam used in that study. 
After comparison of the nad7 and rns genes with orthologous genes isolated from various N. 
ovalis strains in the past (van Hoek, Akhmanova et al. 2000; Boxma, de Graaf et al. 2005) it had 
to be concluded that the current isolate originated from the N. ovalis strain from Periplaneta 
americana var. Amsterdam. Since the N. ovalis cells used for this study were isolated from the 
cockroach Blaberus sp. var. Amsterdam, a replacement of the original population of N. ovalis in 
this cockroach must have occurred in the recent past.
The organellar genome contains 9 genes encoding elements of mitochondrial Complex I: nadl, 
nad2, nad3, nad4, nad4L, nad5, nad7, nad9 and nad10. This set of genes is also found in other 
ciliates and is very similar to the gene content of the organellar genome of Blastocystis (Table 1). 
The nadl gene is split in the mitochondrial genomes of all ciliates studied so far into a larger 
(nadla) and a smaller (nadlb) part (de Graaf, van Alen et al. 2009). In N. ovalis we could 
identify the larger nadla gene piece while the nadlb gene is likely encoded by orf224 (Fig. 2). 
The other Complex I genes have a similar size as in the Tetrahymena species and P. aurelia. 
This is in contrast to the situation in Euplotes spp. where many Complex I genes have extended 
5’ends (de Graaf, van Alen et al. 2009). An exception is the nad5 gene of N. ovalis from 
Blaberus sp. var. Amsterdam that possesses an enormous 5’extension of more than 3.5Kb. The 
function of this extension is unknown, but it has been shown that this extension is transcribed 
(Boxma, de Graaf et al. 2005). The nad4 gene is a bit shorter than in other ciliates and it is very 
likely that orfllO represents an additional part of the nad4 gene (Fig. 2).
Phylogenetic analysis of seven concatenated Complex I genes reveals that the Complex I of N. 
ovalis is closely related to that of Euplotes crassus and Euplotes minuta and that it clusters 
together with the Complex I genes of Tetrahymena and Paramecium (Fig. 3), while it is only 
distantly related to complex I that of Blastocystis.
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Figure 3: Phylogeny of the N. ovalis hydrogenosome, based on a concatenated alignment of seven mitochondrial 
Complex I encoded proteins (Nadi, Nad2, Nad3, Nad4, Nad4L, Nad5 and Nad6). Only bootstrap values of 50% and 
higher are indicated.
Organellar genes encoding components of Complex III, IV or V could not be identified. These 
genes are consistently encoded by the mitochondrial genomes of the aerobic ciliates 
Paramecium, Tetrahymena and Euplotes (Table 1; (de Graaf, van Alen et al. 2009)). Moreover, 
as a rule, all mitochondrial genomes sequenced so far host genes belonging to Complex III, IV 
and V (Burger, Gray et al. 2003), while the loss of Complex III, IV and V genes from the 
mitochondrial genome has regarded as indicative of a loss from the species rather than a transfer 
to the nuclear genome in the modified mitochondria/hydrogenosomes of Blastocystis (Perez- 
Brocal and Clark 2008; Stechmann, Hamblin et al. 2008; Wawrzyniak, Roussel et al. 2008). The 
absence of Complex III and IV genes in the organellar genome of N. ovalis is consistent with the 
observation that activity of Complex III and IV could not be observed in inhibitor studies 
(Boxma, de Graaf et al. 2005).
A total of 15 unique orfs were identified; 7 of which form a cluster with a total length of >11 Kb 
with no significant sequence similarity to any known genes. No open reading frames with 
sequence similarity to orfs of Tetrahymena, Paramecium or Euplotes species were identified. We 
could detect three transfer RNA genes in this part of the organellar genome (trnF, trnY and 
trnW), similar to the mitochondrial genome of Paramecium  in which only 4 tRNA genes were
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found (Pritchard, Seilhamer et al. 1990). One of these, trnM, is truncated in P. aurelia and 
Tetrahymena spp. but of normal shape in Euplotes spp. It cannot be excluded that a truncated 
trnM is present in N. ovalis, since the tRNA prediction programs tRNAscan-SE (Lowe and Eddy 
1997) and ARAGORN (Laslett and Canback 2004) did not detect the truncated trnM in 
Paramecium  and Tetrahymena. Of course, it is also possible that additional tRNA genes will be 
present in the missing part of the organellar genome. A large complex repeat region is present in 
the organellar genome between orf479 and ssu/rns genes. This region contains 12 repeats of 34 
nucleotides followed by a (not perfectly) duplicated stretch of around 400bp (Fig. 4). It is 
unlikely that this repeat region plays the same role in initiation of transcription as suggested for 
the mitochondrial genome of the Euplotes species (de Graaf, van Alen et al. 2009), because all 
genes found on the 41666bp part of the organellar genome of N. ovalis are oriented in the same 
direction, both before and after the repeat.
Figure 4: Dot plot from the repeat region of the organellar genome of N. ovalis (position: 22600-24600).
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We identified seven ribosomal proteins in the organellar genome of N. ovalis. This seems to be 
an average number for ciliates, since nine ribosomal proteins were found in Tetrahymena spp., 
seven in Paramecium aurelia and six in Euplotes spp. (de Graaf, van Alen et al. 2009). Three of 
these ribosomal proteins were found in all four ciliate species with sequenced mitochondrial 
genomes: rps12, rpl2 and rpl14. In contrast, the rps8 gene is unique for N. ovalis (Table 1). The 
rpl2 gene in N. ovalis consists of two pieces separated by a small spacer. Alignments between 
these two rpl2 pieces and the spacer on the one hand, and the (longer) rpl2 gene of the 
previously published 14 kb fragment on the other hand, clearly show that the “spacer” is an 
integral part of the gene. Notably, as in Euplotes minuta, all organellar ribosomal protein genes 
of N.ovalis have an N-terminal extension that is similar to a mitochondrial targeting signal 
(Ueda, Fujimoto et al. 2008; de Graaf, van Alen et al. 2009). The overall A-T content of the 
organellar genome of N. ovalis (58.5%) is identical with the A-T content of the mitochondrial 
genome of Paramecium aurelia. In contrast to other ciliates, the organellar genes are not tightly 
packed and intergenic spacers represent 11.7% of the genome, whereas the genomes of the other 
ciliates only contain approximately 4% of intergenic spacers. The A-T content of these spacers is 
almost identical to the overall A-T content: 57.8%. Spacer lengths vary from 0 to 2159 basepairs 
with an average size of 320 bp. In 6 cases genes have an overlap, ranging from 3-61 bp. The 11 
Kb fragment that harbours the cluster of 7 orfs with no homology to other known genes contains 
large open reading frames with small intergenic spacers ranging from -3 to 9 bp.
Thus, the sequenced fragment of the hydrogenosomal genome of N. ovalis exhibits all 
characteristics of a ciliate mitochondrial genome, except for the absence of genes encoding 
components of the mitochondrial Complexes III, IV, and V. A few additional genes (encoding 
ribosomal proteins or tRNAs) might be located in the non-sequenced part of the genome. 
However, it is likely that the remaining part of the genome contains mainly open reading frames 
with no significant sequence similarity to known genes and telomere sequences since screening 
of the sequenced genome library did not provide any evidence for additional “mitochondrial” 
genes. This makes it unlikely that it will be possible to identify additional genes by sequence 
analysis using the cloning and sequencing strategy exploited here.
Nuclear encoded hydrogenosomal proteins
As in mitochondria, most of the hydrogenosomal proteins in N. ovalis are encoded by the nuclear 
genome, synthesized in the cytoplasm and imported into the organelle. The signal to direct these 
proteins into the hydrogenosome resembles mitochondrial targeting signals (Boxma, de Graaf et 
al. 2005) and can be an indication that a certain protein is targeted to the organelle. Furthermore, 
because mitochondrial proteins tend to preserve their cellular location in evolution (Calvo, Jain 
et al. 2006; Szklarczyk and Huynen 2009), the orthology of nuclear encoded mitochondrial 
proteins from species like Homo sapiens and Saccharomyces cerevisiae with N. ovalis genes can 
be used to predict hydrogenosomal proteins. Here we describe in more detail nuclear encoded 
proteins that are likely targeted to the hydrogenosome of N. ovalis.
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Since our initial analysis (Boxma, de Graaf et al. 2005), we have obtained ~4500 additional 
N. ovalis gDNA and cDNA sequences. To identify new proteins involved in the hydrogenosomal 
metabolism we first performed a Bidirectional Best Hit analysis. 1914 non-redundant cDNAs 
and 2841 non-redundant gDNAs from N. ovalis were compared to the mitochondrial proteomes 
of human, yeast and rat. This allowed us to identify orthologs of mitochondrial proteins, for 
which 161 phylogenetic trees were constructed with PhyML and subsequently analyzed by hand 
to determine orthology relations. This phylogenetic analysis allowed us to predict a number of 
new hydrogenosomal proteins as well as to provide stronger evidence for some that had been 
predicted previously (Boxma, de Graaf et al. 2005). From the phylogenetic trees, we observed 
that most of the N. ovalis sequences with close relatives of mitochondrial proteins also cluster 
with their counterparts from the aerobic ciliates Tetrahymena thermophila and Paramecium 
tetraurelia. This indicates their recent descent from proteins functioning in aerobic mitochondria 
(data not shown). Furthermore, to compare the metabolic complexity of the N.ovalis 
hydrogenosome with that of mitochondria, genome-less hydrogenosomes and mitosomes, we 
analyzed the distribution of N. ovalis proteins with sequence similarity to hydrogenosomal 
proteins in other species: the mitochondria possessing species Homo sapiens, Saccharomyces 
cerevisiae, Reclinomonas, Plasmodium, Tetrahymena and Paramecium, the species with a 
mitosome Cryptosporidium, Encephalitozoon, Giardia, Entamoeba and the species with a 
hydrogenosome Piromyces, Trichomonas, Psalteriomonas and Blastocystis (Table 2). Here we 
describe some of the proteins and their role. Figure 5 shows how they can function together, 
shaping the organellar metabolism.
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Figure 5: Reconstructed metabolism of the hydrogenosomes of N. ovalis. The metabolism is based on proteins that 
are orthologous to mitochondrial proteins (Methods) and proteins derived from HGT that are likely to have a 
hydrogenosomal location based on their metabolic function. In red: metabolism linked to NADH (green) oxidation 
and electron transfer, as well as solute carriers. In yellow are the proteins that seem to have been acquired by HGT. 
In blue: glycine metabolism. In orange: intermediate metabolism. Dotted arrows stand for metabolic steps we 
assume to be present based on biological experiments, broken arrows for the inferred metabolism, but for which we 
did not find the gene yet.
ACS: acetyl CoA synthetase; MDH: malate dehydrogenase; M E: malic enzyme; MOC: malate:oxoglutarate carrier; 
ALT: alanine amino tranferase; GLO1: glyoxalase I; PDH: pyruvate dehydrogenase; SCL: succinyl CoA ligase; 
ASCT: acetyl:succinate CoA transferase; CpS: cystathione beta synthase; SHMT: serine hydroxymethyl transferase; 
GDH: glutamate dehydrogenase; PCC: propionyl CoA carboxylase; MMM: methyl malonyl CoA mutase; Fe-hyd: 
FeFe hydrogenase; MCF Pet 8: mitochondrial carrier family; Cyt c l: cytochrome c l; FRD/SDH: fumarate 
reductase/ succinate dehydrogenase; ETF: electron transfer flavoprotein; RQ: rhodoquinone; NADH-DH: NADH 
:quinone oxidoreductase; AAC: ADP/ATP carrier.
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• Pyruvate dehydrogenase (PDH)
The PDH complex converts pyruvate and CoA into acetyl-CoA while reducing NAD+ to NADH 
+ H+. Besides the already published three subunits (E1a, E1ß and E2) we found the fourth 
subunit, a dihydrolipoyl dehydrogenase, also known as subunit E3, therewith completing the 
complex. The presence of a complete PDH complex contrasts strongly with the pyruvate 
catabolizing enzymes in other hydrogenosomes. Although Blastocystis also contains a PDH 
(Stechmann, Hamblin et al. 2008), in trichomonads and in Blastocystis pyruvate is metabolized 
by a pyruvate:ferredoxin oxidoreductase (PFO) that decarboxylates pyruvate (Müller 1993; 
Müller 1998; Müller and Martin 1999). In anaerobic chytridiomycete fungi (Piromyces sp. E2 
and Neocallimastix sp. L2), pyruvate is catabolyzed by pyruvate-formate lyase (PFL) 
(Akhmanova, Voncken et al. 1999). The acetylCoA generated by PDH is further metabolised by 
an ASCT (acetyl:succinate CoA transferase) belonging to the subfamily 1A with sequence 
similarity to the ASCT from Trypanosoma brucei (Tielens et al. 2010).
• Tricarboxylic Acid cycle (TCA cycle):
Based on experiments with 14C labeled glucose, the TCA cycle in N. ovalis is not complete, 
using only the malate-fumarate-succinate part in a reductive direction. We would therefore still 
expect to find the fumarase catalyzing the reaction marked by a dash line on the scheme (Fig. 5). 
Thus far, however, we have only found succinylCoA synthetase a  and succinylCoA synthetase ß 
subunits as well as the alpha and beta subunit of succinate dehydrogenase / fumarate reductase. 
None of these enzymes are present in species with mitosomes or hydrogenosomes except for the 
hydrogenosome-like organelle containing Blastocystis in which succinyl CoA synthetase, 
succinate dehydrogenase, fumarate hydratase, and malate dehydrogenase have been identified 
(Table 2) (Stechmann, Hamblin et al. 2008; Wawrzyniak, Roussel et al. 2008). These enzymes 
are universal in species with mitochondria.
• Respiratory chain
Complex I (NADH-quinone oxidoreductase), consists of 14 subunits in eubacteria and of 33-45 
subunits in mitochondria (Friedrich and Böttcher 2004; Gabaldon, Rainey et al. 2005). It 
catalyzes the electron transfer from NADH to the quinone pool through a series of redox centers. 
We found 12 subunits of Complex I in N. ovalis (Nad1, Nad2, Nad3, Nad4, Nad4L, Nad5, Nad7, 
Nad9, Nad10, 24kDa*, 51kDa* and 75kDa*), among them 3 that are encoded by the nuclear 
genome (marked by an asteriks); the others are encoded by the hydrogenosomal genome (see 
part I). All the N. ovalis Complex I proteins are part of the 14 proteins that compose the core 
bacterial Complex I. Also in Blastocystis, 10 Complex I genes have been identified that are 
located on the organelle genome, and an additional 6 that are nuclear-encoded. (Perez-Brocal and 
Clark 2008; Stechmann, Hamblin et al. 2008; Wawrzyniak, Roussel et al. 2008).
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Of complex II we detected SDHa and SDHb. Complex II is normally composed of four proteins: 
SDHa and SDHb (a flavoprotein and an iron-sulfur protein) and two (so far unidentified) small 
membrane proteins that anchor the complex in the membrane. In aerobic mitochondria, Complex 
II catalyses the oxidation of succinate to fumarate and the reduction of ubiquinone to ubiquinol. 
In N. ovalis, SDHa and SDHb have been proposed to function as fumarate reductase, reversing 
the reaction and allowing the oxidation of quinols (rhodoquinol). In Blastocystis all 4 
components of Complex II have been identified (Stechmann, Hamblin et al. 2008).
Previous biochemical analyses have failed to detect the presence of Complex III activity in the N. 
ovalis hydrogenosome, and, accordingly, the analysis of its genome did not provide any evidence 
for the presence of Complex III/IV genes (Fig. 2). Surprisingly, however, we did identify a 
nuclear-encoded homolog of cytochrome c l, an electron transporter related to Complex III and 
IV. We sequenced the complete gene-sized-piece as well as the complete cDNA, confirming that 
the cytochrome c protein is transcribed. However, the cDNA appears to contain a stop codon, 
albeit one that is very rarely used (TGA). An alignment of the cytochrome c sequence with 
homologs from various species reveals furthermore that the cysteines that normally hold the 
heme in cytochrome cl are not present in the N. ovalis sequence, likely rendering the protein 
non-functional in electron transfer (Fig. 6). This is the first report of a cytochrome cl that has 
lost its two cysteins, as well as the histidine directly following the second cysteine. Only some 
Trypanosoma, Leishmania and Euglena species miss the first cysteine, while the second cysteine 
and the histidine are universally conserved among species (Priest and Hajduk 1992).
Figure 6: Alignment of cytochrome cl. The conserved cysteines and histidine are indicated by black arrows.
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We did not find genes of an ATP-synthase in N. ovalis that could use the proton motive force 
generated by Complex I (Boxma, de Graaf et al. 2005). An alternative function of the proton 
motive force generated by Complex I could be metabolite import. Also in Blastocystis, an 
organelle-encoded component of Complex V could not be identified although a proton motive 
force is present (Stechmann, Hamblin et al. 2008).
Another interesting protein involved in the electron transfer is the alpha subunit of the Electron 
Transfer Flavoprotein (ETF). ETF is an electron acceptor for various mitochondrial 
dehydrogenases, for example dehydrogenases that oxidize amino acids. It transfers electrons to 
the respiratory chain via an ETF-ubiquinone oxidoreductase. The presence of ETF underscores 
the importance of the N. ovalis respiratory chain in its mitochondrial catabolism.
With the notable exception of Blastocystis, Complex I and II appear to be absent from 
hydrogenosomal species such as Trichomonas, with the exception of the 24kD and the 51kD 
subunits that are present (Hrdy, Hirt et al. 2004; Carlton, Hirt et al. 2007; Stechmann, Hamblin et 
al. 2008). The respiratory chain is also absent from all mitosomal species. All these species lack 
a mitochondrial genome, whereas N. ovalis and Blastocystis possess elements of the respiratory 
chain as well as a mitochondrial genome. This supports that all mitochondrial genomes carry 
genes encoding proteins of the respiratory chain (Burger, Gray et al. 2003), and likewise, that all 
organisms with a respiratory chain have a mitochondrial genome. The Complex I protein 
encoding genes found on the N. ovalis hydrogenosomal genome are also found on the 
mitochondrial genome of the two ciliates Tetrahymena and Euplotes. In Tetrahymena the 
mitochondrial gene nad9 is duplicated, nad1 is split and there is a nad6 as in Paramecium. The 
latter has not been found in the mitochondrial genome of Euplotes or the hydrogenosomal 
genome of N. ovalis. As Euplotes and N. ovalis are more closely related to each other than to 
Tetrahymena, this could mean that this gene has been lost from the organellar genome in the 
branch that contains Euplotes and N. ovalis (Fig. 3).
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Table 2: Proteins likely involved in N. ovalis hydrogenosmal metabolism and their presence or absence in 13 other species (Methods).
Y stands for the presence o f an ortholog o f the mitochondrial protein in the corresponding species, N  for its absence.
This information is not available for all species. O means that the information (position o f the ortholog in the tree and presence o f a predicted 
mitochondrial signal) is inconsistent. With the exception o f Ram. Bias, Psp, Pla whole genomes were available for analysis.
* corresponds to proteins of N. ovalis hydrogenosmal genome that were already described in (Boxma, de Graaf et al. 2005).
Species with mitochondria: (Hsa) Homo s a p ie n s (See) Saccharomyces cerevisiae, (Tth) Tetrahymena thermophila, (Pte) Paramecium  
tetraurelia, (Ram) Reclinomonas americana, and (Pfa) Plasmodium falciparum, species with hydro genosomes: (Tva) Trichomonas vaginalis, 
(Bias) Blastocystis, (Pla) Psalteriomonas lanterna, (Psp) Piromyces spec, and species with a mitosome: (Cpa) Cryptosporidium parvum , (Ehi) 
Entamoeba histolytica, (Gla) Giardia lamblia and (Ecu) Encephalitozoon cuniculi.
Mt proteins in N. ovalis Accession number
Mitochondria Hydrogenosomes Mitosomes
Hsa See Tth Pte Ram Pfa Tva Blas Pla Psp Cpa Ehi Gla Ecu ECnumber
mt catabolism/energy 
metabolism
PDHEla* AY623917 Y Y Y Y
Y,
not
mito
PFO Y+PFO PFO PFL PFO PFO PFO Y 1.2.4.1
PDHElbf* AY628683 Y Y Y Y
Y,
not
mito
PFO PFO PFL PFO PFO PFO Y 1.2.4.1
AY623925 Y Y Y Y
Y,
not
mito
PFO Y+PFO PFO PFL PFO PFO PFO N 2.3.1.12
PDH E3/GCSL AM897245 Y Y Y Y O Y Y Y 0 0 N 1.8.1.4
Adenylate kinase 2* AJ871316/AJ871317 Y Y Y Y Y Y Y Y N N N 2.7.4.3
D-lactate dehydrogenase* AJ871318 Y Y Y Y N N Y N N N N 1.1.2.4
Malic enzyme AM899076 N Y Y Y N Y Y N Y Y N 1.1.1.38
TCA cycle
SDH a* AY616152 Y Y Y Y Y N Y N N N N 1.3.5.1
SDHb* AY619980 Y Y Y Y Y Y N Y N N N N 1.3.5.1
Succinyl-CoA synthetase ß* AJ871319 Y Y Y Y Y N Y N N N N 6.2.1.4
Succinyl-CoA synthetase a AM898998 Y Y Y Y Y N Y N N N N 6.2.1.5
tabel proceeds on next page
Mt proteins in N. ovalis Accession number
Mitochondria Hydrogenosomes Mitosomes
Hsa See Tth R e Ram Pfa Tva Blas Pla Psp Cpa Ehi Gla Ecu ECnumber
mitochondrial complex I
NADI GU057832 Y N Y Y Y N N Y N N N N 1.6.5.3
NAD2 * AJ871267/ GU057832 Y N Y Y Y N N Y N N N N 1.6.5.3
NAD3 GU057832 Y N Y Y Y N N Y N N N N 1.6.5.3
NAD4 GU057832 Y N Y Y Y N N Y N N N N 1.6.5.3
NAD4L* AJ871267/ GU057832 Y N Y N Y N N Y N N N N 1.6.5.3
NAD5* AJ871267/ GU057832 Y N Y Y Y N N Y N N N N 1.6.5.3
NAD7* AJ871267/ GU057832 Y N Y Y Y N N Y N N N N 1.6.5.3
NAD9 GU057832 Y N Y Y Y N N Y N N N N 1.6.5.3
NAD10 GU057832 Y N Y Y Y N N N N N N 1.6.5.3
24kD* AY628688/ GU057832 Y N Y Y Y N Y N N N N 1.6.5.3
51kD* AY608632/ GU057832 Y N Y Y Y N Y Y Y N N N N 1.6.5.3
NADll/75kD* AJ871573 Y N Y Y Y N N N N N N 1.6.5.3
mt ribosomal proteins
RPSS GU057832 N Y N N Y Y N Y N N N N
RPS12 GU057832 Y Y Y Y Y Y N Y N N N N
RPS14 GU057832 Y Y Y Y Y Y N Y N N N N
RPL2* AJ871267/ GU057832 Y Y Y Y Y Y N Y 0 N N N
RPL6 GU057832 N Y Y Y Y N N N N N N
RPLlla AM899415 Y Y Y Y Y Y N Y N N N N
RPL 14* AJ871267/ GU057832 Y Y Y N Y Y N Y N N N N
RPL15a AM893303 Y Y Y Y Y N N N N N
RPL 20a* AJ871314/ GU057832 Y N Y Y Y Y N N N N N
mt tRNA
tRNA tryptophane GU057832 Y Y Y Y Y N N Y N N N N N
tRNA Phenylalanine GU057832 Y Y Y Y Y N N Y N N N N N
tRNA tyrosine* AJ871267/ GU057832 Y Y Y* Y Y N N Y N N N N N
tabel proceeds on next page
Mt proteins in N. ovalis Accession number
Mitochondria Hydrogenosomes Mitosomes
Hsa See Tth Pte Ram Pfa Tva Blas Pla Psp Cpa Ehi Gla Ecu ECnumber
mt rRNA
ms* AJ871267/GU05 7832 Y Y Y Y Y Y N Y N N N N N
rnl GU057832 Y Y Y Y Y Y N Y N N N N N
Propionate metabolism
Methylmalonyl-Co A mutase AM897339 Y N N N N N Y Y* N N N N 5.4.99.2
Propionyl-CoA carboxylase a* AJ871336 Y N N N N N Y Y N N N N 6.4.1.3
Fatty acid metabolism
Long-chain-fatty-acid-CoA 
ligase 1 * AJ871337 Y Y Y Y Y Y Y Y Y Y Y 6.2.1.3
Glycerol kinase* AJ871321 Y Y Y Y Y Y N N Y N 2.7.1.30
amino acid metabolism
PDH E3/GCS_L AM897245 Y Y Y Y 0 Y Y Y 0 0 N 1.8.1.4
G C SH AM897163 Y Y Y Y Y Y Y N N N N
GCS_T AM893078 Y Y Y Y Y N Y N N N N 2.1.2.10
Serine
h ydroxym ethy ltran sferase* AJ871334 Y Y Y Y Y Y Y Y N N Y 2.1.2.1
2-Oxoisovalerate 
dehydrogenase a AM895397 Y N Y Y Y N N N N N 1.2.4.4
2-Oxoisovalerate
dehydrogenase AM893656 Y N Y Y Y N N N N N 1.2.4.4
Branched-chain a-keto acid 
dihydrolipoyl acyltransferase AM897245 Y Y Y Y Y N N N N N 2.3.1.-
Branched-chain aa 
am inotr an sf erase* AJ871330 Y Y Y Y N N Y N N N N 2.6.1.42
Alanine aminotransferase* AJ871331 Y Y Y Y N Y Y N Y Y N 2.6.1.2
Glutamate dehydrogenase* AJ871332 Y Y Y Y Y Y Y N N Y N 1.4.1.3
Cystathionine p-synthase* AJ871333 0 Y Y Y n N N N N N 4.2.1.22
Saccharopepsinb* AJ871335 O Y N Y Y N N N N N 3.4.23.25
5,10-Methenyltetrahydrofolate 
synthetase AM898130 Y Y Y Y N N N N N N 6.3.3.2
tabel proceeds on next page
Mt proteins in N. ovalis Accession number
Mitochondria Hydrogenosomes Mitosomes
Hsa See Tth Pte Ram Pfa Tva Blas Pia Psp Cpa Ehi Già Ecu ECnumber
FeS synthesis
Adi' eri odoxin (Ferrodoxin) AM892521 Y Y Y Y Y Y Y N Y Y 1.18.1.2
mt protein 
import/processing
Mt processing peptidase a* AJ871323 Y Y Y Y Y N Y N N N
TOM 34* AJ871327 Y Y Y Y Y Y Y Y Y 0
Mt import protein MAS5* AJ871328 Y Y Y Y Y Y Y Y Y Y
FtsJ* (MRM2) AJ871313 Y Y Y Y O O O O O O O 2.1.1.-
FtsH* AJ871360 / E03HK61 Y Y O O O N Y N N N 3.4.24.-
Peptidyl-prolyl cis-trans 
isomerase AM897279 Y Y Y 0 O 0 0 0 0 0 5.2.1.8
Protein disulfide isomerase* AJ871347 Y Y Y Y Y Y Y Y Y N 5.3.4.1
HsplO AM898699 Y Y Y Y Y Y Y Y N N
Hsp60* AJ871324 Y Y Y Y Y Y Y Y Y Y Y N
Hsp70* AJ871329 Y Y Y Y Y Y Y Y Y Y Y
Hsp90c AJ871326 N Y Y O O N O O O O
mt carrier family
AAC1 (ATP/ADP transporter)* AF480921 Y Y Y Y Y Y HMP31 Y Y$ Y Y Y$ N N
Putative mt carrier PET8*d AJ871322
2-Oxoglutarate/malate carrier AM898788 Y N Y Y Y N Y N? N N N
Mt carier d AM897599
ROS defence system
Thioredoxinb* AM895244 Y Y Y N N Y Y O O N N
Peroxiredoxin-4* AM897142 Y Y Y Y Y Y Y Y Y Y 1.11.1.15
Glutathione reductase* AM897249 Y Y Y Y Y N Y N N N 1.8.1.7
Hybrid cluster protein AM890083 N N N N N Y N Y Y N
mt DNA 
repair/metabolism
Uracil-DNA glycosylase AM897482 Y Y O O O O O O O O 3.2.2.-
tabel proceeds on next page
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Mt proteins in N. ovalis Accession number
Mitochondria Hydrogenosomes Mitosomes
Hsa See Tth Pte Ram Pfa Tva Blas PI a Psp Cpa Ehi Gla Ecu ECnumber
Others
Elongation factor Tu AM895994 Y Y Y Y Y Y N N N N N
Cytochrome cl Y Y Y Y Y N N N N N
Ubiquitin-protein ligaseRSP5* AJ871338 N Y 0 0 0 0 O 0 O 0 6.3.2.-
50.6 kDa protein in RPL14B - 
GPA1 intergenic* AJ871339 0 Y Y 0 0 0 N 0 O 0
P68-like protein 
YNL112W Chr* AJ871340 N Y N 0 0 0 O 0 O N
Succinyl-CoA:3-ketoacid-CoA 
tr an sferase*/ ASCT AJ871320 Y N Y Y N N N N N N 2.8.3.5
Probable alpha-glucosidase 
YJL216C* AJ871341 Y Y 0 0 N N N N N N 3.2.1.20
Kinesin heavy chain* AJ871342 0 N 0 N N N O N O N
Protein-tyrosine phosphatase 1 * AJ871345 0 Y 0 0 N N N 0 N 0 3.1.3.48
Dynamin-related protein DNM1 * AJ871343 Y Y 0 0 0 0 Y O 0 O 0 3.6.1.50
Mitogen-activated protein kinase 
FUS3* AJ871346 Y Y Y Y Y Y Y Y Y N 2.7.1.37
Adenylate cyclase* AJ871351 N Y 0 0 N 0 N 0 N N 4.6.1.1
Ras-related protein SEC4* AJ871352 N Y 0 N N 0 O 0 O N
MPV17 protein* AJ871353 Y Y Y N N N N N N N
Prohibitin* AJ871354 Y Y 0 0 Y N Y O N N N
Protein C21orf2* AJ871356 Y N 0 0 N 0 N N O N
Serine/threonine protein 
phosphatase 2A* AJ871358 Y N 0 0 0 Y O 0 O Y 3.1.3.16
ACN9 protein homolog AM898820 Y Y 0 0 0 N N N N N
Methionyl-tRNA 
formyltransferase AM893972 Y Y 0 0 0 N N N N N 2.1.2.9
*) already described in Boxma et al. 2005
a) nuclear encoded organellar ribosomal proteins
b) occurs in a relative
c) Hsp90 was previously annotated hsp82
d) we can not establish any orthology precisely for this mitochondrial carrier
• Propionate metabolism
We found a propionyl CoA carboxylase (EC: 6.4.1.3), that catalyses the carboxylation reaction 
of propionyl CoA to D-methylmalonyl CoA, and a methylmalonyl CoA mutase (also found in 
Blastocystis, (Stechmann, Hamblin et al. 2008)) that converts methylmalonyl CoA to succinyl 
CoA. One possibility for the presence of proteins of this pathway is that it might produce 
propionate from succinate generated in the incomplete TCA cycle. However, there were no 
indications of propionate production in experiments using 14C labeled glucose as tracer (Boxma, 
de Graaf et al. 2005). The presence of minor amounts could not be excluded and the detection of 
propionate produced from amino acids was not possible. Both the propionyl CoA carboxylase 
and the methylmalonyl CoA mutase are absent from Paramecium and Tetrahymena (Table 2), 
indicating that the hydrogenosome of N. ovalis does not just have a subset of proteins of the 
aerobic mitochondria.
• Fatty acid metabolism
In the fatty acid activation pathway we detected a long-chain-fatty-acid-CoA ligase (not shown 
in Fig. 5), which catalyzes the reversible reaction:
ATP + a long-chain carboxylic acid + CoA <=> AMP + diphosphate + acyl-CoA.
• Amino Acid metabolism
Besides the glycine cleavage system (GCS, see below) we found several other enzymes involved 
in the metabolism of amino acids and specifically in the degradation of valine, methionine and 
isoleucine: a branched-chain aminotransferase (EC: 2.6.1.42), the 2-oxoisovalerate 
dehydrogenase alpha and 2-oxoisovalerate dehydrogenase beta (EC: 1.2.4.4) subunits and a 
branched-chain alpha-keto acid dihydrolipoyl acyltransferase (EC: 2.3.1.-) (not shown in Fig. 5). 
The organelle of Blastocystis also contains enzymes involved in the valine, leucine and 
isoleucine metabolism (Stechmann, Hamblin et al. 2008). In addition we identified a Glutamate 
dehydrogenase and a Cystathionine P-synthase. In general, amino-acid metabolism appears much 
reduced in mitosomes and genome-less hydrogenosomes relative to mitochondria (Table 2).
• Glycine cleavage system (GCS)
The dihydrolipoyl dehydrogenase of PDH is also involved in the glycine cleavage system that 
catalyzes the reversible reaction:
glycine + tetrahydrofolate + NAD+ O  5,10-methylene-tetrahydrofolate + NH3 + CO2 + NADH +
H+,
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providing the 5,10-methylene-tetrahydrofolate that is required for nucleotide synthesis. Of the 
glycine cleavage system we detected the H-protein, a lypoic acid containing protein that carries 
the aminomethyl moiety of glycine that is bound to the sulfhydryl group by an S-C bond, the T- 
protein, which degrades reversibly the aminomethyl moiety attached to the H-protein to 
methylene-tetrahydrofolate and ammonia, using tetrahydrofolate in the process, and the L- 
protein, a dihydrolipoamide dehydrogenase, that catalyzes the oxidation of the dihydrolipoyl 
group of the H-protein. We did not detect the pyridoxal phosphate-containing protein (P-protein) 
of this complex, but did find other components linked to this pathway: a Cystathionine ß- 
synthase (CßS), a serine hydroxymethyl transferase (SHMT) that converts serine in glycine, and 
a 5,10-methenyltetrahydrofolate synthetase. Interestingly, also in the hydrogenosome of 
Trichomonas two proteins of the glycine cleavage system have been identified (L- and H- 
proteins) (Carlton, Hirt et al. 2007), and also in the genome of the minimal mitochondria 
containing P. falciparum this system appears to be present (Table 2). Also the hydrogenosome- 
like organelle of Blastocystis contains all (4) components of the glycine cleavage system 
(Stechmann, Hamblin et al. 2008). It is however absent from mitosome harboring species such as 
E. cuniculi, E. histolytica, G. lamblia and C. parvum.
• FeS synthesis
Since the original endosymbiont likely lacked ATP-exporting proteins, it is possible that the 
original endosymbiosis was not driven by providing ATP to the host (Martin and Müller 1998), 
as was thought for a long time. The only characteristic known so far that is shared by all 
mitochondria, mitosomes and hydrogenosomes, is the synthesis of FeS clusters (Lill and 
Muhlenhoff 2005). Of that pathway we found adrenodoxin (ferredoxin), which provides 
reducing equivalents that are required during FeS synthesis, as well as being a FeS cluster 
containing protein itself. Furthermore we find the mitochondrial Hsp70 which has a role in FeS 
assembly as well as in other processes like protein import and folding.
• Mitochondrial protein synthesis and turnover 
We found nine mitochondrial ribosomal proteins in N. ovalis: Rps 8, Rps 12, Rps 14; Rpl 2, Rpl 
6, Rpl 11*, Rpl 14, Rpl 15* and Rpl 20* (* nuclear encoded). As in the article of Smits and 
coworkers (Smits, Smeitink et al. 2007), we did not find these mitochondrial ribosomal proteins 
in Giardia, E. cuniculi, Entamoeba, C. parvum or T. vaginalis, which makes sense as none of the 
organelles of these organisms contains a genome. Notably, 16 ribosomal proteins are encoded in 
the genome of the hydrogenosome-like organelle of Blastocystis (Perez-Brocal and Clark 2008; 
Stechmann, Hamblin et al. 2008; Wawrzyniak, Roussel et al. 2008). In N. ovalis, we found, 
besides the ribosomal proteins, FtsJ (MRM2), a well conserved heat shock protein that is 
responsible for methylating 23S rRNA.
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• Mitochondrial carriers 
We detected three mitochondrial carrier proteins: one orthologous to the 2-oxoglutarate/malate 
carrier that imports malate into the organelle and exports oxoglutarate outside of the 
mitochondrial matrix, one orthologous to an ADP/ATP carrier and one carrier that does not 
specifically cluster with any carrier of known specificity (PET8). The oxoglutarate/malate carrier 
(Coll, Colell et al. 2003) also transports other dicarboxylates and tricarboxylates (such as 
oxaloacetate, malate, malonate, succinate, citrate, isocitrate, cis-aconitate, and trans-aconitate). 
This carrier may play as well an important role in several metabolic functions requiring organic 
acid flux to or from the mitochondria, such as nitrogen assimilation, transport of reducing 
equivalents into the mitochondria, and fatty acid elongation (Picault, Palmieri et al. 2002). N. 
ovalis may use this carrier to import malate in the hydrogenosome, which will later be 
transformed into fumarate and used by the Complex II enzymes. In the genomes sequenced the 
oxoglutarate/malate carrier is present in several mitochondria but absent from yeast mitochondria 
and from mitosomes and hydrogenosomes (Table 2). The oxoglutarate/malate carrier and a 
putative ADP/ATP carrier are also found in Blastocystis (Stechmann, Hamblin et al. 2008).
The ADP/ATP carriers (AAC) have been shown to be clearly of eukaryotic and not of alpha- 
proteobacterial origin (Amiri, Karlberg et al. 2003). They are characteristic for all mitochondria 
studied so far, suggesting that they have evolved before the divergence of all present day 
mitochondria. Hydrogenosomes of chytrids and ciliates have genuine mitochondrial AACs that 
cluster with the mitochondrial homologues of their aerobic, mitochondrial-bearing relatives 
(Voncken, Boxma et al. 2002; Tjaden, Haferkamp et al. 2004). The mitosome containing species 
Cryptosporidium hominis has a member of the mitochondrial carrier family that clusters with the 
mitochondrial AACs (Hackstein, Tjaden et al. 2006). Trichomonas and Entamoeba use 
alternative members of the mitochondrial carrier family (Dyall, Koehler et al. 2000; Chan, 
Slotboom et al. 2005) as ADP/ATP carriers. The AAC of Blastocystis has not been functionally 
characterized so far (Stechmann, Hamblin et al. 2008). Any evidence for the presence of a 
potential mitochondrial-type AAC in the Diplomonad Giardia and the Microsporidium 
Encephalitozoon is lacking. The complete absence of an ADP/ATP translocator in the latter 
organisms cannot easily be explained by the absence of organellar ATP synthesis, as they are 
likely to require import of ATP for iron-sulfur cluster synthesis (Lill and Muhlenhoff 2005). In 
Encephalitozoon, a bacterial ATP transporter has been identified that functions in ATP transport 
(Tsaousis, Kunji et al. 2008). In the Microsporidium Antonospora locusta an alternative 
ATP/ADP carrier has been identified that belongs to the mitochondrial carrier family (Williams, 
Haferkamp et al. 2008).
Additional proteins of the inner mitochondrial membrane, that are lacking in Blastocystis, 
Trichomonas and all species with mitosomes, are MPV17 and ACN9, which have homologues in 
human and yeast mitochondria (not shown in Fig. 5). Consistent with their presence in N. ovalis, 
MPV17 has been associated with mitochondrial genome stability (Spinazzola, Viscomi et al. 
2006), while ACN9 has been associated with respiration (Steinmetz, Scharfe et al. 2002).
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• Protein import and processing
Of the mitochondrial import machinery we found TOM 34, MAS 5, MPP, FtsH, peptidyl-prolyl 
cis-trans isomerase and protein disulfide isomerase. In addition we identified the Hsps 10, 60, 70 
and 90.
• Mitochondrial division
One gene, a dynamine-related protein, has been found that is engaged in mitochondrial division.
• Reactive oxygen species (ROS) defense
To our surprise we found three systems used to cope with the detrimental effects of oxygen 
radicals. First of all, we found thioredoxins that act as antioxidants by facilitating the reduction 
of cysteines in other, oxidized proteins by thiol-disulfide exchange. Second, of the glutathione 
system we found a glutathione reductase (EC 1.8.1.7) that reduces glutathione disulphide 
(GSSG) to the sulfhydryl form GSH. Finally, we found a peroxiredoxin. The latter are divided 
into three classes (Typical 2-Cys, atypical 2-Cys and 1-Cys) that share the same basic catalytic 
mechanism, in which a redox-active cysteine in the active site is oxidized to a sulfenic acid by 
the peroxide substrate. We found a peroxiredoxin-4 which is a typical 2-Cys peroxiredoxin.
The presence of enzymes supposed to react against oxygen radicals in an anaerobic environment 
might seem strange, but ROS can be produced endogenously. Complex I is a major source of 
ROS, although in mitochondria, Complex III seems to be actually the principal site of O2-  
(superoxide) formation (Chen, Vazquez et al. 2003).
Horizontal Gene Transfer (HGT)
To detect Horizontal Gene Transfer we followed the same procedure as previously described 
(Ricard, McEwan et al. 2006). After clustering the sequences to remove redundancy, we 
determined the Best Hit (BH) of 1914 cDNAs and 2841 gDNAs against a set of 165 complete 
proteomes. We identified 31 cDNAs and 25 gDNAs with a bacterium as Best Hit, and 5 cDNAs 
and 6 gDNAs with an archaeon as Best Hit. Among the latter 11 sequences that have an archaeal 
sequence as BH, 6 actually match a methanogenic archeaon. We analyzed the 67 N. ovalis 
sequences that have a bacterium or an archaeon as best hit further by reconstructing the evolution 
of the proteins in a phylogenetic tree generated with PhyML. For nine genes from N. ovalis, the 
phylogeny indicates that they have been acquired through Horizontal Gene Transfer (Table 3): 
two lactoylglutathione lyases, an acetylCoA synthase, a beta lactamase, a NAD(P)H:quinone 
oxidoreductase (Fig. 7), two glycosylhydrolases, an ATP-dependent RNA helicase, an ornithine 
carbamoyltransferase, a FeFe hydrogenase and a hybrid cluster protein (prismane).
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Figure 7: Bacterial origin of the NAD(P)H dehydrogenase of N. ovalis. The NAD(P)H dehydrogenase of N. ovalis 
appears to have been acquired by Horizontal Gene Transfer from Bacteria. In the tree, which contains homologous 
sequences from various eukaryotic, archaeal and bacterial species, the N. ovalis sequence clusters within bacteria, 
while the other eukaryotic NADH dehydrogenases are monophyletic (Abrahamsen, Templeton et al. 2004). This 
phylogeny was derived using MrBayes (Methods), the values at the nodes indicate the posterior probability for the 
partition and its bootstrap value, respectively. Only values higher than 75% are indicated.
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Table 3: Proteins that likely have been acquired by Horizontal Gene Transfer.
HGT Accession number Hsa See Tth Pte Ram Pfa Cpa Tva Bla
Pla Psp Ehi Gla Ecu
1 actoylg 1 utat11 i one lyase (X2 i AJ965633 Y Y N M m Y N Y N m N 4.4.1,5
acetyl CoA synthetase AJ871315 Y Y Y Y Y Y Y Y N M Y 6.2.1.1
beta lactamase ybbE AM894317 Y u Y Y st Y Y N Si N 3.5.2.6
NAD(P)H dehydrogenase, quin one family AMS97202 Y Y N IS w N Y Y N Y N
glycosylhydrolase (glycosidase) (x2) AM890556 N N N Mt N M H N N M N: 3.2.1.-
ATP-dependent RNA helicase AM89S531 Y Y Y Y Y Y Y Y Y Y
Ornithine carbamoyltransferase
AM896448
Y Y N n Y N Y Y N Y .g 2,1.3.3
[FeFe] Hydrogenase *
AY60S627
N If; N Si M N Y Y Y Y Y Y N: 1.12.7:1
Hybrid cluster protein (prismane) AM8900S2 N I I N 3$ S' Y Y Y N
Although we have no direct evidence that these proteins are targeted to the hydrogenosome, most 
of them appear to play a role in the pathways predicted for this organelle. Most interesting is the 
presence of a NAD(P)H: quinone oxidoreductase. This is a flavoprotein that reduces quinones 
while oxidizing NAD(P)H. It provides N. ovalis with a third system, besides Complex I and the 
hydrogenase, to oxidize NAD(P)H. Two of these systems, the NAD(P)H:quinone oxidoreductase 
and the hydrogenase (Boxma, Ricard et al. 2007) appear to have been acquired by horizontal 
gene transfer, underscoring the relevance of HGT in the adaptation to an anaerobic lifestyle. The 
lactoylgluthatione lyase (EC: 4.4.1.5), links the glycine cleavage system to the metabolism of 
pyruvate. It plays a critical detoxification role in cells by catalyzing the conversion of cytotoxic 
methylglyoxal (as the diastereomeric GSH-thiohemiacetals) to S-D-lactoylglutathione via a 1,2- 
hydrogen transfer (Creighton and Hamilton 2001). Another interesting enzyme that seems to 
have been acquired from HGT and that plays a role in anaerobic metabolism is acetyl CoA 
synthase (EC: 6.2.1.1), that harvests ATP when splitting acetyl CoA into acetate and CoA. 
(Canovas, Sevilla et al. 2006). Most likely, we are dealing with a cytoplasmatic enzyme, that 
works in the reverse direction (Fig. 5). Finally, as previously described (Boxma, de Graaf et al.
2005), the NADH generated in the hydrogenosome of N. ovalis, can, besides via Complex I and 
the NAD(P)H: quinone oxidoreductase, also be reoxidized via a peculiar FeFe-hydrogenase. This 
hydrogenase is the result of the fusion between two Complex I (24kDa and 51kDa) subunits of 
beta-proteobacterial origin and a hydrogenase that seems to be the result of a horizontal gene 
transfer from delta-proteobacteria (Boxma, Ricard et al. 2007).
Discussion
With the bioinformatic analysis of the sequence of the organellar genome and of the gDNAs and 
cDNAs we are beginning to get a comprehensive view of the metabolism of the hydrogenosome 
of N. ovalis. First of all, the organelle genome is a typical ciliate mitochondrial genome, with the 
exception of the notable lack of components of Complex III, IV, and V. The latter feature is 
shared with the genome of the unrelated hydrogenosome-like organelle of Blastocystis. This 
phenomenon is a striking example of convergent evolution of the deduced organellar metabolism 
of Blastocystis. Moreover, the organelle of N. ovalis appears to host, besides an incomplete TCA 
cycle, other “classical” mitochondrial pathways such as amino-acid metabolism and fatty acid 
metabolism. A number of these proteins are typical for mitochondria and not present in species 
with mitosomes or hydrogenosomes without a genome. These include, of course, proteins of the 
electron transport chain and of the mitochondrial ribosome, but also less trivial ones like a 
succinyl-CoA synthetase, pyruvate dehydrogenase, a malate/oxaloacetate antiporter or a 5,10- 
methenyltetrahydrofolate synthetase. What emerges is a metabolism that is in some aspects 
(Complex III, Complex IV, Complex V) reduced relative to the metabolism of aerobic ciliate 
mitochondria and that is strikingly similar to the metabolism of the hydrogenosome-like 
organelle of Blastocystis. However, N. ovalis has also some extra proteins relative to aerobic 
ciliates. A few of these gained proteins appear to have been acquired by Horizontal Gene 
Transfer. The case of the hydrogenase is well documented (Boxma et al. 2007), but our analysis
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has also unearthed a number of others, like a NAD(P)H:quinone oxidoreductase that would 
provide N. ovalis with an alternative to complex I for re-oxidizing NADH. Not all N. ovalis 
mitochondrial proteins that we found and that are absent from the aerobic ciliates have been 
gained by HGT from bacteria. We also observe a pathway for propionate metabolism, which 
contains a propionyl CoA carboxylase and a methylmalonyl CoA mutase. This pathway has not 
yet been observed in ciliates, and besides its presence in metazoa, it has a patchy distribution 
among the eukaryotes, suggesting multiple loss events rather than Horizontal Gene Transfer.
Although we did find some proteins that are Best Hits to archaeal proteins, none of these could 
be substantiated by phylogenetic analyses to be a Horizontal Gene Transfer. This is somewhat 
unexpected as N. ovalis actually harbors methanogens within its cytoplasm (Gijzen, Broers et al. 
1991), providing ample opportunity for HGT. The horizontally transferred genes we did find can 
be interpreted as an adaptation to the anaerobic lifestyle of N. ovalis. This parallels the 
observation of HGT in rumen ciliates. Also in those species the HGT proteins, which are 
involved in the breakdown of complex carbohydrates, appear to be particularly useful in 
exploiting a niche that is rich in plant material (Ricard, McEwan et al. 2006). The absence of 
HGT genes from archaea is striking and can only be explained by assuming that these archaeal 
genes do not offer an adaptive value.
Methods 
Cell isolation
Nyctotherus ovalis cells were isolated from hindgut of the cockroach Blaberus sp. var. 
Amsterdam. Total DNA was isolated by dissolving living cells in 8M Guanidinium chloride and 
separation on a hydroxyapatite column using standard procedures (de Graaf, van Alen et al. 
2009).
The hydrogenosomal DNA was isolated from the total DNA by pulsed field gel electrophoresis. 
This hydrogenosomal DNA was used for a partial Sau 3A digest and cloning in the Bam H1 
restriction site from the vector pUC18c. From this library 500 clones were sequenced in both 
directions and additional 500 in one direction. Less then 3% of these clones contained a 
mitochondrial sequence. Finally larger pieces of the hydrogenosomal genome were reconstructed 
and the gaps were filled up by long range PCR with specific primers resulting in a contig of 
41666bp representing the major part of the hydrogenosomal genome.
Identification of N. ovalis sequences likely encoding hydrogenosomal proteins
N. ovalis sequences translated in the 6 frames were compared to the three mitochondrial 
proteomics set using the Smith and Waterman algorithm with an e-value threshold of 0.01 in a 
Best Bidirectional Hit approach. N. ovalis sequences having a reciprocal hit within at least one of 
the three proteomes were selected for phylogenetic analysis. Each N. ovalis selected nucleotide 
sequence was compared with a SWX algorithm to the 165 complete proteomes and the first 100
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hits were kept and used together with the N. ovalis sequence to produce a multiple alignment 
with MUSCLE (Edgar 2004) Positions of the alignments that did not contain gaps were 
automatically selected and a tree was subsequently derived using PhyML (Guindon and Gascuel
2003) using the JTT model and an estimated number of invariable sites with four substitution 
rate categories. 100 bootstraps were performed.
Taxonomic position
To determine the taxonomic position of the N. ovalis hydrogenosome, we composed a 
concatenated alignment phylogeny of seven Complex I proteins encoded on its genome that were 
shared with most other mitochondrial genomes and the alphaproteobacterium Rickettsia 
prowazekii as outgroup (Fig. 3). The sequences in each protein family were first aligned with 
ClustalW 1.83 (default parameters; (Thompson, Higgins et al. 1994)). We then concatenated the 
alignment blocks, where gaps were inserted in the rare cases that a protein was missing from a 
certain species. The resulting concatenated alignment was clustered with PhyML v3.0.1 (100 
bootstraps, LG model, estimated proportion of invariable sites and gamma distribution 
parameter, 4 substitution rate categories (mean), modeled amino acid equilibrium frequencies 
and an optimized tree topology search; (Guindon and Gascuel 2003)).
M itochondrial proteomics data
We compared our N. ovalis sequences against experimentally identified mitochondrial proteins 
in Human, Yeast and Rat that were retrieved respectively from the mitoproteome 
(http://www.mitoproteome.org), the SGD database (Cherry, Adler et al. 1998) as well as the 
supplementary material from Sickmann et al. (Sickmann, Reinders et al. 2003) and the article of 
Forner (Forner, Foster et al. 2006).
Complete proteomes
As a “background” for the construction of phylogenies to either determine Horizontal Gene 
Transfer or monophyletic relations with mitochondrial proteins, a set of 164 complete proteomes 
was used, which included 16 archaeal, 114 bacterial and 34 eukaryotic proteomes.
Organisms used for the comparison of the complexity scale.
- Human and Yeast have mitochondria whose genomes and proteomes are well studied.
- Reclinomonas americana, a freshwater protist, contains the least derived mitochondrial 
genome with the largest coding capacity, encoding 97 genes in a genome that is just over 
69 kb in size. Despite that its complete mitochondrial genome is known, most of its 
mitochondrial proteins are not known as its nuclear genome is not sequenced.
- At the other end of the spectrum, the apicomplexan Plasmodium falciparum, the 
causative agent of malaria, contains the smallest reported mitochondrial genome, which 
encodes just three functional genes in a 6-kb element. Cryptosporidium parvum, another 
Apicomplexon, has a fermentative core energy metabolism (Abrahamsen, Templeton et
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al. 2004) that resembles that of other microaerophilic protists. C. parvum contains a 
mitochondrial remnant (Keithly, Langreth et al. 2005).
- Trichomonas vaginalis is an anaerobic flagellate protist that has a hydrogenosome. A 
recent paper and two reviews describe its hydrogenosomal metabolism and the 
hydrogenosomal proteome (Carlton, Hirt et al. 2007).
- Piromyces is an anaerobic chytrid that has a hydrogenosome (Akhmanova, Voncken et al. 
1999); its nuclear genome has not been sequenced.
- Psalteriomonas lanterna is an anaerobic amoebaflagellate with a complex 
hydrogenosome (de Graaf, Duarte et al. 2009)
- Giardia lamblia (Adam 2000) and Entamoeba histolytica (Loftus, Anderson et al. 2005) 
are protists that have mitosomes.
- Encephalitozoon cuniculi (Katinka, Duprat et al. 2001) is a microsporidian that has 
mitosomes (Burri, Williams et al. 2006).
- Tetrahymena thermophila (Eisen, Coyne et al. 2006) and Paramecium tetraurelia (Aury, 
Jaillon et al. 2006) are aerobic ciliates that have mitochondria.
Subcellular localization
Mitop2 (Andreoli, Prokisch et al. 2004) was used when the N-terminal part of the N. ovalis 
sequence was present to examine the presence of a Mitochondrial Import Signal. We also used 
Psort II (http://psort.nibb.ac.jp/form2.html) and literature to predict the subcellular localization.
Tetrahymena data
The whole proteome of Tetrahymena is the preliminary gene prediction set of August 2004 
obtained from TIGR and contains 27430 predicted protein encoding genes.
The mitochondrial proteome, which contains 573 sequences obtained by mass spectrometry 
analysis and bioinformatic predictions, was obtained from Smith (Smith, Gawryluk et al. 2007)
Identification of sequences derived from HGT:
We followed the same procedure as described in (Ricard, McEwan et al. 2006). Muscle (Edgar 
2004) was used to obtain the alignment for the tree displayed in Fig. 7. The phylogeny was 
calculated for the positions without gaps with MrBayes (Huelsenbeck and Ronquist 2001), using 
four gamma-distributed rate categories plus invariant positions and the Poisson amino acid 
similarity matrix.
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Abstract
Background
Nyctotherus ovalis is a single-celled eukaryote that has hydrogen producing mitochondria and 
lives in the hindgut of cockroaches. Like all members of the ciliate taxon, it has two types of 
nuclei, a micronucleus and a macronucleus. N. ovalis generates its macronuclear chromosomes 
by forming polytene chromosomes that subsequently develop into macronuclear chromosomes 
by DNA elimination and rearrangement.
Results
Here we examine the structure of these gene-sized macronuclear chromosomes in N. ovalis. We 
determined the telomeres, subtelomeric regions, UTRs, coding regions and introns by sequencing 
a large set of macronuclear DNA sequences (4242) and cDNAs (5484) and comparing them with 
each other. The telomeres consist of repeats CCC(AAAACCCC)n, like in spirotrichous ciliates 
such as Euplotes, Sterkiella (Oxytricha) and Stylonychia. Per sequenced chromosome we find 
evidence for either a single protein-coding gene, a single tRNA, or the complete ribosomal 
RNAs cluster. Hence the chromosomes appear to encode single transcripts. In the short 
subtelomeric regions we identified a few overrepresented motifs that could be involved in gene 
regulation, but there is no consensus polyadenylation site. The introns are short (21-29 
nucleotides), and a significant fraction (1/3) of the tiny introns is conserved in the distantly 
related ciliate Paramecium tetraurelia. Like has been observed in P. tetraurelia, the N. ovalis 
introns tend to contain in-frame stop codons or have a length that is not dividable by three. This 
pattern causes premature termination of mRNA translation in the event of intron retention, and 
potentially degradation of unspliced mRNAs by the nonsense-mediated mRNA decay pathway.
Conclusions
The combination of short leaders, tiny introns and single genes leads to very minimal 
macronuclear chromosomes. The smallest we identified contains only 150 nucleotides.
118
Background
Ciliates form an extremely diverse taxonomic group of protozoa. They are the most complex 
single-celled eukaryotes, with some genomes containing more than 20,000 genes (Zagulski, 
Nowak et al. 2004), like the two completely sequenced ciliates Paramecium (39642 genes) 
(Aury, Jaillon et al. 2006) and Tetrahymena (27424 genes) (Eisen, Coyne et al. 2006). They are 
abundant in almost every aqueous environment, from ocean waters to small ponds and even 
pockets of soil water; and they can grow as symbionts, commensals and parasites in pelagic, 
benthic, sapropelic or intestinal ecosystems. However, despite this diversity, ciliates have one 
common and unique feature: they possess two types of nuclei, each with its own specific 
function. The micronucleus of ciliates represents the germ-line and contains high molecular 
weight DNA in the form of several, large chromosomes, while the macronucleus encodes 
proteins and RNAs required for somatic functions (Prescott 2000). The macronucleus contains 
DNA on sub-chromosomal fragments, which in Paramecium and Tetrahymena range from 50 kb 
to more than 1,500 kb (Yao 1996; Zagulski, Nowak et al. 2004). Macronuclei are generated from 
the post conjugation micronuclei in a complex process that involves DNA elimination and large- 
scale genomic rearrangements (Steinbruck 1986; Ammermann 1987; Prescott 1992; Prescott 
1994; Yao 1996; Prescott 1997). This process and the genetic organization of the macronucleus 
have been intensively studied in both peritrichous and spirotrichous (formerly hypotrichous) 
ciliates (Prescott 1992; Prescott 1994; Yao 1996; Hoffman and Prescott 1997). In peritrichous 
ciliates, such as Paramecium and Tetrahymena, about 20% of the micronuclear DNA is deleted 
during macronucleus-formation, the chromosomes become fragmented and reorganized in sub­
chromosomal molecules. In spirotrichous ciliates like Stylonychia or Sterkiella (Oxytricha), the 
formation of macronuclei is especially complex since it can involve the loss of more than 95% of 
the complexity of the DNA and large-scale reordering of the protein-encoding DNA segments. 
Protein-encoding sequences are joined and assembled into the proper open reading frame, a 
process that depends on maternal guide RNAs (Nowacki, Vijayan et al. 2008). Lastly, the open 
reading frames (ORFs), together with non-coding 5' - leader and 3' - trailer sequences, are 
released as individual, short DNA molecules. These molecules are capped with telomeres, and 
selectively amplified as individual "mini-chromosomes" (Prescott 1994; Prescott 1999; 
Landweber, Kuo et al. 2000). In certain spirotrichous ciliates, the development of the new 
macronucleus involves transient formation of polytene chromosomes (Steinbruck 1986; 
Ammermann 1987). These giant chromosomes resemble the polytene chromosomes of dipteran 
larvae but are transcriptionally inactive and disintegrate shortly after reaching their highest 
degree of polyteny (Steinbruck 1986; Ammermann 1987). Genome rearrangements, DNA 
elimination and, lastly, reorganization of the residual DNA into “gene-sized pieces” occur during 
the breakdown of polytene chromosomes.
Here we examine the structure of the macronuclear DNA of Nyctotherus ovalis, a member of a 
third group of ciliates known as the heterotrichous ciliates. N. ovalis lives in an anaerobic 
intestinal environment and is of particular interest because it possesses hydrogenosomes
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(Akhmanova, Voncken et al. 1998) that have provided evidence that these organelles evolved 
from a mitochondrial ancestor (Boxma, de Graaf et al. 2005). There are some reports 
(Wichterman 1937; Grasse 1952; Golikova 1965; McKean 1972) that the heterotrichous ciliates 
Nyctotherus cordiformis and N. ovalis, which live in the intestinal tracts of frogs and 
cockroaches, respectively, form polytene chromosomes after conjugation, similar to Stylonychia 
(Skovorodkin, Zassoukhina et al. 2001). With respect to the structure of the N.ovalis 
macronuclear chromosomes there is evidence from studies on individual genes like the 
hydrogenase and the alpha tubulin (Riley and Katz 2001), from telomere-capped sequences 
(Boxma, de Graaf et al. 2005) and from a set of 34 complete macronuclear chromosomes 
(McGrath, Zufall et al. 2007) that N.ovalis, like Stylonychia, has gene-sized chromosomes. 
Alignment of the macronuclear chromosomes with known proteins furthermore has indicated the 
presence of short (< 30 nt) introns (Akhmanova, Voncken et al. 1998; Riley and Katz 2001; 
Boxma, de Graaf et al. 2005; McGrath, Zufall et al. 2007). Here we examined the structure of 
N. ovalis gene-sized chromosomes and the regulation of their transcription by combining 
information from large-scale cDNA (4242 sequences) and cDNA libraries (5484 sequences, 
including 327 complete macronuclear chromosomes). N. ovalis possesses very minimal 
macronuclear chromosomes, with short leaders, tiny introns and single genes. The introns tend 
either to contain in-frame stop codons, or their length is not dividable by three. N.ovalis thus 
prevents translation of unspliced mRNAs as has been described for P. tetraurelia (Jaillon, 
Bouhouche et al. 2008). Details are described in the following paragraphs.
Results 
1.1 Chromosome structure
1.1.1 Gene-sized chromosomes
We surveyed the genomic organization of the macronucleus of N. ovalis. Agarose gel 
electrophoresis reveals that the majority of the undigested DNA isolated from intact N. ovalis is 
present in the form of low molecular weight DNA (size range 0,5-10 kb; Figure 1; (Akhmanova, 
Voncken et al. 1998)). Southern blotting revealed that genes are present as gene-sized DNA 
fragments (Fig. 1).
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Figure 1: Structure of N. ovalis macronuclear chromosomes. 1A) 0.4 % Agarose gel: M1= X- DNA (48502 bp). 
M2= X Eco RI/HindIII (sizes of the DNA fragments, respectively: 21226, 5148+4973, 4268, 3530, 2027, 1904, 1584 
and 1375 bp). Lane 1,2 and 3 contain total DNA of Nyctotherus ovalis. Lane 4 contains total DNA of Euplotes 
crassus. Arrows indicate the ribosomal clusters (see Methods). 1B) Length distribution of the sequenced full-length 
macronuclear chromosomes. 1C) Southern blotting: unrestricted total DNA of N.ovalis was separated on a 0,7% 
agarose gel, blotted and hybridized with clones containing the a2 tubulin (a tub) and the P2 tubulin gene of 
Stylonychia lemnae. The labelling of single, gene-sized bands indicates the presence of tubulin genes on gene-sized 
DNA molecules.
To survey N. ovalis's genome organization at the sequence level, we generated a macronuclear 
gDNA library and sequenced 4242 representative clones, as well as 5484 cDNAs from a 
poly(A)-plus cDNA library. Randomly-picked clones were sequenced in a single reaction. After 
filtering vector sequences and poorly-resolved terminal regions (see Methods section) we 
clustered the remaining sequences to remove redundancy. Grouping sequences with >97% 
identity over a stretch of at least 100 nucleotides resulted in, respectively, 2841 gDNA clusters 
(692 containing between two and 23 sequences, and 2149 single sequence clusters) and 1914
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cDNA clusters (416 containing between two and 843 sequences, and 1498 single sequence 
clusters) that we will refer to as the nr-set (non-redundant set).
In the 2841 gDNA nr-set we identified 327 sequences that were capped by telomeres at both 
ends, representing complete macronuclear chromosomes. In none of these could we find 
evidence for the presence of more than a single gene (see Methods). Moreover, we examined 
carefully all the incomplete gDNA sequences for multiple genes containing macronuclear 
chromosomes. Also here we only observed a single gene per chromosome, with no exception. 
The vast majority of the macronuclear chromosomes are smaller than 7 kb, and the sequencing of 
clones with inserts less than 6-7 kb did not provide any evidence for the presence of more than 
one gene per chromosome. However, there are DNA bands (Figure 1a) larger than 10 kb that 
were neither cloned nor sequenced. Therefore, we cannot exclude the possibility that a few 
chromosomes with several genes do exist. Similar to the protein-coding chromosomes, the nr-set 
contains 12 separate chromosomes that code for a single tRNA. We will refer to this pattern as a 
“one macronuclear chromosome one-transcript rule” rather than a “one-macronuclear 
chromosome one-gene rule”, because the complete ribosomal array (28S, 5.8S and 18S rRNA 
genes) is located on a single macronuclear chromosome and the complete ribosomal RNA tends 
to be encoded on a single transcript in ciliates (Prescott 1994).
We examined the macronuclear chromosome length distribution for all 327 fully-sequenced 
chromosomes (Figure 1b). The smallest two-telomere-capped sequence we found that encodes a 
known gene is a serine tRNA (AM890335), with 233 nucleotides between the two telomeres. 
The smallest two-telomeres containing sequence we found for which no homologs could be 
identified is 150 nt (accession number AM890150). This sequence is the smallest putative 
macronuclear chromosome ever identified (although, one should keep in mind that these 
molecules lack centromeres, unlike true chromosomes). The presence of this 150 nt 
macronuclear chromosome was confirmed by nested PCR with specific primers. It does not 
contain a substantial open reading frame and might therefore code for a structural RNA. 
However, analysis of its RNA secondary structure did not indicate a significantly lower free 
energy than for random sequences with the same base composition, nor did analysis with 
miRNA prediction programs indicate a miRNA like structure (methods).
1.1.2 Telomere sequences
To determine the sequence of the telomeres exactly, we carefully sequenced 13 full length 
macronuclear chromosomes using the same approach applied to other species (Cavalcanti, Dunn 
et al. 2004). In the 13 sequences, we observed telomeres with the sequence CCC(AAAACCCC)n 
at the 5’ end, and the sequence (GGGGTTTT)mGGG (plus one of the form 
(GGGGTTTT)mGGGGTTT) at the 3’ end, with n and m ranging from 1 to 6. There appears to be 
a trend of one long and one short telomere, giving rise to a negative Pearson product-moment 
correlation coefficient between the number of repeats in 5’ and 3’ telomeres (-0.83925). This 
contrasts with Cavalcanti et al. (Cavalcanti, Dunn et al. 2004) who observed no preference for
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telomere lengths to be similar or different in Sterkiella histriomuscorum (Oxytricha trifallax), but 
the libraries were generated differently. Our initial data set of 13 sequences is small, however, 
compared to the 1028 clones in ref (Cavalcanti, Dunn et al. 2004).
Using the motifs determined above, we identified telomeres on 2249 of the 2841 gDNA 
sequences. Of these sequences, 327 contain telomeres on both sides, suggesting that they are 
complete macronuclear chromosomes. Several (larger) chromosomes carrying a single gene have 
been completed manually using suppression PCR as in (Chang, Stover et al. 2004). Because we 
used telomere primers for amplification of the total gDNA for the generation of the gDNA 
library, we cannot determine the length of the telomeres in the set of 327 exactly, as primer- 
shifting occurs during the PCR.
1.1.3 Subtelomeric regions
We define the chromosomal leader as the subtelomeric region that runs from the 5’ telomere to 
the beginning of the ORF and the chromosomal trailer as the subtelomeric region that runs from 
the stop codon to the 3’ telomere. In order to identify these regions, we first oriented 1459 
gDNAs by predicted homology to a known protein in UniProt (SWX, evt=1.e-05). Subsequently 
we compared these gDNAs with the 1914 nr-cDNAs using GeneDetective (see Methods) 
followed by manual checking of all cDNA/gDNA pairs. Combining these data with the 
putatively homologous proteins from UniProt, we could infer the position of 14 ATG start 
codons precisely. The size of the leaders in these 14 chomosomes ranges from 60 to 184 
nucleotides, with an average of 112, while the length of the 5’UTRs ranges from 8 to 44 
nucleotides. We followed the same procedure to identify the trailers and 3’ UTRs: using the 
cDNAs with a match against the gDNAs and against a known protein we could accurately 
identify eight regions running from the stop codon until the polyA addition site. The 3’ UTR 
length ranges from 13 to 68 with an average of 36 nucleotides. TAA was generally used as stop 
codon. The size of the chromosomal trailers ranges from 33 to 125 nucleotides.
To examine whether there were any biases in the nucleotide composition of the subtelomeric 
regions, we calculated the Shannon entropy, the purine skew, and GC skew for the 300 first 
nucleotides after the 5’ telomeres and for the last 300 nucleotides before the 3’ telomeres.
761 sequences contain at least 300 nucleotides after the 5’ telomere and have a BlastX hit in 
UniProt that allows determination of the coding strand. The Shannon entropy and the frequency 
of each base are plotted in Figure 2. For four different states (in our case, four nucleotides), the 
maximum entropy is two, corresponding to equal nucleotide frequencies. Lower entropies 
indicate a bias in the composition.
123
Figure 2: Nucleotide frequency distributions and Shannon entropy of the frequency distribution of the first 300nt 
after telomeres in the 5’ of the coding strand.
The results indicate a bias in the nucleotide frequencies in the first 70 bases that disappears at 
about 130 nucleotides. The region of the bias coincides with the length of the 5’ leaders (between 
60 and 184 with an average of 112). To explain the low entropy, we examined different types of 
biases in the nucleotide composition. We observed the strongest bias in the purine/pyrimidine 
ratio, expressed in the so-called purine skew ((A+G)-(C+T))/((A+G)+(C+T)). This index varies 
from -1 (only C and/or T) to 1 (only A and/or G), with a value of 0 corresponding to no skew. 
There are always more purines than pyrimidines in the 5’ region of the coding strand (Figure 3), 
especially in the first ~130nt, after that the bias is less pronounced.
Figure 3. Schematic view of N. ovalis macronuclear chromosome structure and the purine/pyrimidine ratios. Length 
of the various parts composing the chromosome and cDNA are displayed. The combination of short leaders, short 
introns and single genes leads to very short chromosomes. In this figure we can observe as well that the 
purine/pyrimidine skew is higher than 0 in the coding strand, allowing the prediction of coding strands for 
chromosomes without a homolog among known proteins.
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There are 505 sequences that contain at least 300 nucleotides before the 3’ telomere and have 
BlastX hit in UniProt that allows determination of the coding strand. As with the 5’ ends of the 
chromosomes, the Shannon entropy indicated a bias in the last ~70 nucleotides, but in contrast to 
the 5’ leader, a low percentage of G and a general pyrimidine skew. In other words, there is a 
symmetry in the purine skew: whether one starts from the 5’ end of the coding strand, or from 
the 5’ end of the non-coding strand, there is a strong purine skew near the telomere. The 
pyrimidine skew at the 3’ end of the chromosomes does not, however, extend into the coding 
region, which shows a general purine skew (Figure 3), allowing us to predict which of the 
strands is the coding one for chromosomes without detectable homology to a known protein (see 
below). The purine skew in the subtelomeric regions has also been described for the ciliate 
Sterkiella (Cavalcanti, Dunn et al. 2004). It is a violation of parity rule two, which states that 
complementary DNA strands tend to have the same purine/pyrimidine composition (Fickett, 
Torney et al. 1992; Bell and Forsdyke 1999; Baisnee, Hampson et al. 2002).
1.1.4 In tron  structure
To detect introns, we first performed a comparison between the cDNA and gDNA clustered sets 
using GeneDetective (Methods). After removing paralogs and refining the intron boundaries by 
hand, we identified a total of 48 introns in 27 gDNAs. This intron set will be referred to as the 
experimentally-derived introns. All introns were very short, ranging from 21 to 29 nucleotides 
with an average of 24 nt and a median of 23 nt. This is similar although slightly shorter than the 
average intron length of 27 nt (ranging from 21 -  66) published by McGrath et al.(McGrath, 
Zufall et al. 2007) which were based on the comparison of gDNAs with known proteins. The
boundaries of the introns are very similar to each other: exon|GTA.......TAG|exon; where “ |” is
the border between exon and intron (Figure 4a), with only two exceptions for which the last three 
intron nucleotides are CAG and TGG.
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Figure 4a) Distribution of the intron length (in percentage) within the two sets of introns: The experimental set (48 
introns) that was obtained by comparing N. ovalis cDNAs and gDNAs and the predicted set (145 introns) that was 
obtained by comparison of N. ovalis gDNAs with P. tetraurelia proteins. b) Schematic representation of the 
exon/intron boundaries with WebLogo in 48 introns. The GTA and TAG motifs are well conserved. c) Conservation 
of intron location between N. ovalis and P . tetraurelia in two genes that are orthologous to Succinyl-CoA ligase. 
Introns were considered conserved when they were within 2 amino acids of each other in the protein alignment. 
Intron I of N. ovalis and II P. tetraurelia are conserved. Intron II of N. ovalis and I P. tetraurelia are not 
conservedWhether Intron III of P. tetraurelia is conserved or not cannot be determined.
Examination of the introns with AlignACE (Roth, Hughes et al. 1998), a program that finds 
conserved motifs, did not identify a branch point or any other overrepresented motifs other than 
the intron boundaries. The introns contain a high percentage of thymidine: 35% in the introns 
versus 23% in the coding sequence. Guanine (17% vs. 24%) and cytidine (17% vs. 21%) are low 
while adenine (31% vs. 32%) is more or less the same in the coding regions and the introns. This 
is different from what we observe for other non-coding sequences such as the leaders, where the 
thymidine content was lower than in the coding sequence. The introns in protein-coding 
sequences appear to belong to the type of introns that are excised by the spliceosome. Supporting 
the presence of a standard mRNA splicing machinery, we identified seven homologs of members 
of the spliceosome complex: Splicing factor 3B subunit 1, Splicing factor 3A subunit 3, splicing 
factor YT521, Splicing factor 1, splicing factor SLU7, Spliceosomal U5 snRNP-specific 15 kDa 
protein and Splicing factor U2AF 35 kDa subunit.
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1.1.4 In tron  conservation
To examine the evolutionary conservation of the intron positions, we compared the 48 introns of 
the 27 N. ovalis gDNA sequences (above) with those of their closest homologs in the ciliate 
Paramecium tetraurelia, which also has tiny introns (comprising between 20 and 33 nucleotides 
(Russell, Fraga et al. 1994)) for which a large number have been experimentally determined 
(Methods). Of the ten introns in N. ovalis sequences with significant best hits in P. tetraurelia, in 
which the aligned regions “covered” the N. ovalis introns, four occur at the same position in P. 
tetraurelia. A typical example is the succinyl CoA ligase gene that contains two introns in 
N. ovalis, one of which is conserved in P. tetraurelia, which itself has two introns in the region 
that can be confidently aligned between the two species (Figure 4b). To our knowledge this is the 
first observation of the conservation of these tiny introns. In order to quantify the level of intron 
conservation, we performed a second analysis in which we compared the N. ovalis gDNAs in 
which intron locations were predicted using Genewise (Birney, Clamp et al. 2004)(Methods) 
with proteins with experimentally determined (gDNA/cDNA) intron locations in 
Paramecium tetraurelia, kindly provided by Laurent Duret (Duret, Cohen et al.). Here we 
observed conservation of the intron position for 48 introns between P. tetraurelia and N. ovalis, 
out of 145 introns that Genewise predicted in N. ovalis based on comparisons of the N. ovalis 
gDNAs with the P.tetraurelia proteins. The fraction of conservation of tiny introns between 
these ciliates therefore appears to be about 1/3.
The length distribution of the 145 predicted N. ovalis introns is similar to the 48 experimentally 
derived introns (Figure 4c), with 15 exceptions that were <18nt and >29nt (note that overlap 
between the experimental set and the predicted set is only four introns). By manual analysis of 
the exceptions, using tblastx against a larger database (UniProt), we could correct most of these 
introns: eight of them can be placed within the boundaries that were identified for the first set (21 
to 30nt); the evidence whether six intron boundaries were correctly predicted was ambiguous 
(intron length would be between 16 and 110 nt, which is still relatively short). The position of 
the last intron was refined by similarity between the N. ovalis gDNA with a Drosophila mRNA 
sequence, and the intron appears to be 138 nucleotides.
Jaillon et al (Jaillon, Bouhouche et al. 2008) have reported that introns which lack inframe 
stopcodons tend not to occur in lengths dividable by three. This guarantuees that unspliced 
mRNAs will be recognized by the NMD by having premature stopcodons, either in the intron 
itself or caused by the frameshift that is caused by the retained intron. Such a trend is also 
visible in the N.ovalis predicted introns. Out of the 145 introns, 40 do not have an in-frame 
stopcodon (TAA, TAG or TGA, see below). Out of these 40 only 3 have a length that is 
dividable by three. By contrast, of the 105 introns that do have an in-frame stopcodon, 60 have a 
length dividable by three. There is thus, among the introns without inframe stopcodons a 
significant under representation of introns dividable by three compared to introns that do contain 
stopcodons (P = 1E-7, based on the chi squared test).
The conservation of tiny introns between the very distantly-related P. tetraurelia and N. ovalis 
indicates that some tiny introns can be traced back to early ciliate evolution. We also examined
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conservation of intron positions with Tetrahymena thermophila, which does not contain tiny 
introns (comprised between 53 and 978 bp, see Figure 6). In the sequence alignments, the 
positions of three T. thermophila introns lie within 2 amino acids of introns in N. ovalis (Table 
S1 of Supplementary materials). This would argue for independent evolution of intron position 
and intron length. Alternatively, in ciliates with tiny introns it is possible that intron length is 
strongly reduced during the development of the macronucleus. In any case, the total number of 
conserved introns for which there is experimental evidence in at least one species is small, and 
precludes definitive statements regarding their independent evolution from genome structure. We 
could not detect any conservation of intron positions in the more distantly-related alveolate 
Plasmodium falciparum. We searched for gDNAs resulting from bacterial to ciliate or archaeal 
to ciliate Horizontal Gene Transfer events using a similar method as we used for rumen ciliates 
(Ricard, McEwan et al. 2006). In this set we found no evidence of introns.
With a length between 21 and 29 nucleotides and an average of ~24 nucleotides, the introns in 
the N. ovalis experimentally-determined set are among the smallest spliceosomal introns known. 
The shortest spliceosomal introns, 18 nucleotides, have been described in the nucleomorph of a 
chlorarachniophyte algae (Gilson and McFadden 1996). Several short introns have been 
described in ciliates so far. For example, the introns in P. tetraurelia are between 20 and 33 
nucleotides (Russell, Fraga et al. 1994), and the introns in Sterkiella histriomuscorum are 
between 31 and 137 nucleotides (Cavalcanti, Stover et al. 2004). In Euplotes octocarinatus, 
introns were detected in a range from 30 to 145 nucleotides (Brunen-Nieweler, Schmidt et al. 
1991; Meyer, Schmidt et al. 1992). Four short introns, ranging from 37 to 47 bases, were also 
described in gamma tubulin encoding genes of Euplotes crassus (Tan and Heckmann 1998).
1.2 Transcriptional properties 
1.2.1 Orientation of the sequences
The macronuclear chromosomes we sequenced contain just one gene. Being able to determine 
the coding strand of these sequences would already be a first step in annotating those sequences 
without hits against known proteins. We used the observation that the coding strand has a 
positive purine/pyrimidine ratio (Figure 3) to orient the sequences that lack hits to known 
proteins. We tested this purine to pyrimidine ratio, as well as two other methods: 1) finding the 
best orf using getORF from EMBOSS and 2) calculating the GC gradient (Rocha, Touchon et al. 
2006) on the set of 1459 sequences having a match against a known protein from UniProt 
(UniProt set), as a benchmark. The purine/pyrimidine ratio was the best indicator of the coding 
strand with a good prediction in 97% of the cases, compared to 80% for the orf prediction and 
~50% for the GC gradient. Using the purine/pyrimidine ratio allowed us to orient all 1382 
sequences that did not belong to the Uniprot-set with 97% confidence.
1.2.2 M otif discovery
In ciliate species with gene-sized macronuclear chromosomes studied so far, approximately 95% 
of all germ-line DNA is eliminated during the development of the macronucleus (Doak,
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Cavalcanti et al. 2003). The incredibly short leader and trailer that remain must therefore contain 
a high density of signals for processes like telomere addition, replication, copy regulation and 
transcription. Thus, ciliates provide a uniquely compact model to study these basic eukaryotic 
regulatory systems. Because we identified homologs of a number of transcription factors (E2F5 
family transcription factor, transcription factor Dp-2, MADS box transcription factor, C-MYB- 
like transcription factor and transcription factor E2F/dimerisation partner (TDP)) in our data set, 
we can also expect their regulatory elements to be present in the N. ovalis macronuclear genome. 
We searched our nr-set of N. ovalis sequences for novel motifs and known Transcription Factor 
Binding Sites (TFBS).
As genes with related functions are often co-regulated, they may be expected to contain 
comparable signals in their non-coding DNA (Roth, Hughes et al. 1998; van Helden, Andre et al. 
1998). Therefore, to search for meaningful motifs, we first composed groups of related genes 
based on a number of different criteria. Genes were clustered based on membership of an 
orthologous group (OG) (OGs are attributed to sequences, see methods, 600 clusters of 
sequences were generated) or a pathway (82 KEGG clusters, 55 EcoCyc clusters; sequences 
having an OG are then respectively linked to a KEGG map and to an EcoCyc pathway). In 
addition we composed a set of 12 non-redundant tRNAs identified with tRNAscan-SE (Lowe 
and Eddy 1997). For each group of sequences (except for tRNAs, see below), we searched the 
first 200 nucleotides after the 5'-telomere using AlignACE (Roth, Hughes et al. 1998) and 
MEME (Bailey, Williams et al. 2006). Note that 200nt should be enough to cover the complete 
upstream non coding DNA, even in the sequences where no translation start site could be 
identified (Figure 3).
Using this approach, we could identify several potential regulatory motifs. First, MEME 
identified a motif with the consensus sequence AATTAACATGAGTC in the upstream regions 
of 12 Chaperonin GroEL genes of the HSP60 family (COG0459; the data set contained the 
alpha, beta, eta, theta, gamma and epsilon subunits and HSP60). Searching this motif with 
MAST, we found that it also occurs upstream of a protein from the superfamily DNA and RNA 
helicase, with the motif profile fitting the helicase sequence with an E-value of 3.6e-06. HSP60 
and helicase could be regulated concomitantly as they can both be regulated by DNA-dependent 
protein kinase (Um, Kang et al. 2003; Zhang, Schlott et al. 2004). Another study also reported 
that dysregulated expression of an RNA helicase leads to an altered distribution of HSP60 (Chen, 
Alli et al. 2006).
Second, we identified conserved motifs in the tRNA chromosomes, by searching the entire set of 
gene-sized tRNA chromosomes (Figure 5). Two of the motifs we identified have very well- 
conserved positions: a likely TATA box (~35nt upstream of the tRNA), and a motif with 
consensus GCAATTTTTATTCC (~2nt downstream). This last motif corresponds to the 
termination signal of RNA polymerase III transcription (Allison and Hall 1985; Platt 1986). 
Searching for these motifs in the whole nr-set using MAST (Bailey and Gribskov 1998) 
identified no other sequences that contained these motifs, which is not surprising, as the protein
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coding genes are transcribed by RNA polymerase II. The TATA box could be identified in some 
sequences that we checked manually.
telomere . . leader tRNA trailer telomere
Figure 5: Schematic view of the structure of tRNA macronuclear chromosomes. The motifs found with MEME in 
more than half of the 12 nr-tRNAs are displayed as a WebLogo picture, together with their positions 
(minimal_maximal (average). 0 corresponds to start of the tRNA.
In an additional search for known TFBS, we used MAST (Bailey and Gribskov 1998) to search 
for the 398 Transfac MATRIX 7.0 motifs (Wingender, Chen et al. 2000). These results did not 
link sets of functionally related sequences (e.g. shared KEGG pathway or COG functional 
category, not shown).
Considering the few motifs identified in these analyses, it should also be noted that the Transfac 
profiles we searched for are specific for several eukaryotic species but not for ciliates. 
Furthermore, previous studies of spirotrichous ciliates have identified few conserved motifs, 
leading to the suggestion that telomeres may also play a role in regulating gene expression/DNA 
replication (Lescasse, Yang et al. 2005). In the trailer region we searched for the consensus 
eukaryotic polyadenylation signal AATAAA (Proudfoot and Brownlee 1976; Wahle and Kuhn 
1997). This motif was not found in our sequences, confirming a previous study on a smaller 
dataset (Destables, Thomas et al. 2005). Examining by hand the eight pieces of trailer sequences 
identified with the help of cDNAs and known homologs (Table S2 in Supplementary materials) 
revealed no degenerate motif either. McGrath and co-workers (Caron and Meyer 1985) 
(McGrath, Zufall et al. 2007) have reported an over-represented long motif in the 5’ and 3’ ends 
in their set of 34 complete chromosomes, and a shorter subsequences of that motif which was 
present in the 5’ and 3’ ends of all the chromosomes. Neither the consensus sequence of the long 
motif, nor its shorter subsequence was present in our dataset, nor could we detect significant 
similarity to the consensus sequences in our gDNAs.
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1.2.3 Genetic code
In a set of 328 cDNAs that could confidently be aligned with the C-terminus of known proteins, 
TAA was most often the “first unaligned codon” (141 cases), and therewith obviously the stop 
codon. Consistent with earlier findings that were based on smaller sets of sequences (Destables, 
Thomas et al. 2005; McGrath, Zufall et al. 2007) we conclude that N. ovalis preferentially uses 
UAA as a stop codon. UAG was rarely observed as stop codon (in 5 out of 328 cDNAs) and 
UGA was never observed in the stop codon position. Nevertheless, UGA and UAG are, like 
UAA, avoided in cDNAs that could be aligned with known proteins or protein domains. Ciliates 
have a wide variety of genetic codes (Caron and Meyer 1985) (Liang, Wong et al. 2005). For 
example, several deeply-diverging lineages, including the genera Tetrahymena and Paramecium, 
Stylonychia and Sterkiella, and Diophrys (Perez-Romero, Villalobo et al. 2001) may have 
independently reassigned UAA and UAG to glutamine, using UGA as their only stop codon 
(Hoffman, Anderson et al. 1995). On the other hand, Euplotes (Meyer, Schmidt et al. 1991) 
translates UGA into cysteine and uses UAA and UAG as stop codons (Meyer, Schmidt et al. 
1991), while UGA encodes tryptophan in the independent lineages including Blepharisma and 
Colpoda (Lozupone, Knight et al. 2001). Nyctotherus thus seems most similar to Euplotes, using 
predominantly UAA, and sometimes UAG as a stop codon. We could however find no evidence 
for the usage of UGA as a codon, and combined with earlier findings of the usage of UAA and 
UGA as stop codon (McGrath, Zufall et al. 2007) this argues for a standard genetic code in N. 
ovalis.
Discussion 
Evolution of m acronuclear gene structure
To analyze the evolution of ciliate macronuclear genome structure we performed a phylogenetic 
analysis of the 18S RNA from the small ribosomal subunit from various ciliates (Figure 6). The 
Clevelandelids (Nyctotherus) form a monophyletic group with the Armophorea (Metopus, 
caenomorphidae gen. sp.) and are a sister group of the Spirotrichea that contains 
Sterkiella(Oxytricha) , Stylonychia and Euplotes.
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Figure 6: Phylogenetic tree of 18S RNA from the small ribosomal subunit of the most-studied ciliates with respect 
to their macronuclear structure. The tree was generated with PhyML with 100 bootstraps. The dinoflagellate 
Symbiodinium  is used as an outgroup to root the tree. N. ovalis has a comparable macronuclear structure to 
Spirotrichea, its sister group in the tree (the lineage containing Euplotes through Sterkiella). MAC stands for 
macronucleus, MIC for micronucleus.
Despite their differences in ecology (respectively anaerobic and aerobic), these two sister groups 
share many features, as already mentioned (Ammermann 1987; Dyer 1989; Csank, Taylor et al. 
1990; Kaufmann, Florian et al. 1992; Ghosh, Jaraczewski et al. 1994; Prescott 1994; Russell, 
Fraga et al. 1994; Akhmanova, Voncken et al. 1998; Skovorodkin, Zassoukhina et al. 2001; 
Sperling, Dessen et al. 2002; Betermier 2004; Cavalcanti, Dunn et al. 2004; Boxma, de Graaf et 
al. 2005; Lescasse, Yang et al. 2005; Eisen, Coyne et al. 2006). Another class of ciliates, namely 
the Phyllopharyngea, also possess gene-sized macronuclear chromosomes, but they are not 
monophyletic with the Spirotrich/Clevelandelids/Armophorids (Riley and Katz 2001). 
‘Invention’ of gene-sized- macronuclear chromosomes has therefore either preceded their 
taxonomic separation or more likely arisen several times in evolution. Rumen ciliates that are 
included in the cluster of ‘fragmented’ macronuclear chromosomes have much larger (40-80kb) 
macronuclear chromosomes with many genes per chromosome (Hackstein, unpublished data). 
They may represent an intermediate between the ‘Tetrahymena/Paramecium’” type of long 
macronuclear chromosomes and gene-sized-chromosomes. The presence of tiny introns does not 
correlate with the presence of mini-chromosomes. Rather, the exact conservation of the location 
of a substantial number of the tiny introns between N. ovalis and P. tetraurelia argues for 
independent evolution of the length of macronuclear chromosomes and intron size. We currently 
have scarce information about the germ-line micronuclear genome of N. ovalis. However, all the 
items discussed above reveal a striking similarity with the macronuclear genome organisation of 
the spirotrichous ciliates (Ghosh, Jaraczewski et al. 1994; Prescott 1994; Hoffman, Anderson et 
al. 1995; Landweber, Kuo et al. 2000). Codon usage suggests that Nyctotherus may be more 
closely related to Euplotes than to the oxytrichids; however there is no evidence that it has a non­
standard genetic code.
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Materials and Methods
Hybridization
The a2-tubulin clone (Helftenbein and Muller 1988) and the [32-tubulin clone (Conzelmann and 
Helftenbein 1987) from Stylonychia lemnae were labeled with a-[32P]-dATP by PCR with MIS- 
forward and -reverse primers.
Genomic DNA from Nyctotherus was separated on a 0.7% (w/v) native agarose gel and blotted 
onto a Hybond N+ membrane (Amersham) by downward alkaline southern blotting. The filter 
was pre-hybridised for 1 h at 65° C in hybridisation solution (6x SSC, 5x Denhardts solution, and 
0.5% SDS (w/v)). After pre-hybridisation, the hybridisation solution was refreshed and the 32P- 
labelled probe was added. The filter was hybridised at 65° C for 16-19 h. The hybridised filter 
was washed twice in 2x SSC, 0.1% SDS (w/v) and twice in 0.5% SSC,0.1% SDS (w/v) at 65° C. 
Depending on the signal on the filter an extra washing step with 0.2% SSC, 0.1% SDS at 65° C 
was included. Autoradiograms were exposed for 0.5-4 h at -70° C with intensifying screens.
Construction of libraries and sequencing
gDNA of Nyctotherus ovalis was prepared by dissolving living Nyctotherus ovalis cells, purified 
by electromigration (Van Hoek, Sprakel et al. 1999), in 8M guanidiniumchloride. After 
extraction with phenol/chloroform/isoamylalcohol (25:24:1) a portion was analyzed on a 1% 
agarosegel and 5 fractions of different “size” were isolated. Every fraction was amplified by 
PCR with telomere primers (5’-CCAAAACCCCAAAACCCCAA-3’). Fractions with 
fragments<2kb with taq polymerase from Sigma (elongation time 2’30’’), fractions>2kb with the 
“expand long template PCR system” from Roche (elongation time 4’00’’). The PCR products 
were purified on Sephacryl-500 (Amersham), extracted with phenol/chloroform and precipitated. 
These fragments were ligated in PGEM T-easy (Promega) and transformed in competent E. coli 
Electromax DH10B cells. The 1-2kb and 2-4kb fractions contained sufficient clones (10000) and 
were used for sequencing. For the reconstruction of the ribosomal RNA cluster, the band 
(indicated by an arrow in lanes 1,2,3 of Figure 1a) was cut out of gel and the DNA from this 
band was isolated with a gel extraction kit (QIAEX II DNA Gel Extraction Kit, Qiagen). A part 
of this DNA was digested with EcoR1 and cloned in a pUC-18 cloning vector. The obtained 
clones were sequenced and the largest part of the ribosomal cluster was reconstructed. With a set 
of specific telomere primers in combination with internal primers the complete ribosomal cluster 
was obtained. The cDNA library was prepared from poly(A)-plus RNA of Nyctotherus ovalis 
with the “cDNA library Construction” kit from BD Biosciences/Clontech according prescription. 
The cDNA was ligated in the vector pDNR-LIB and transformed in E. coli Electromax DH10B
n
cells (Invitrogen). Titer: 2.58.10 . Randomly picked clones were selected for sequencing. 5484 
ESTs (Expressed Sequence Tags) and 4242 gDNAs of N. ovalis were sequenced. Vectors and 
linkers were automatically filtered out of sequences. First the vector pieces were detected using a 
Blastn search against their respective vector sequences on Decypher TimeLogic machine
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(http://decypher.stanford.edu) using the same parameters as VecScreen (-q -5 -G 3 -E 3 -e 700 
-Y 1.75e12 -F mD). Regions showing similarity to the vector were trimmed from the ends of the 
sequences. If there was a remaining vector in the middle, it was removed and the longer of the 
two remaining fragments was kept.
Data storage and clustering
The sequences and the results of the analyses performed were stored in a relational MySQL 
database. In order to minimize the redundancy of the data, we aligned the dataset to itself using 
SWN (Smith-Waterman comparison at the nucleotide level). Sequence pairs having an identity 
>97% and an overlap of at least 100bp were considered to be from the same gene and were put in 
the same cluster. Sequences having less or no sequence similarity can be in the same cluster as 
long as they are linked via other sequences. gDNAs telomeres were trimmed prior to the SWN 
comparison. However, information about these telomeres was kept associated to the sequence 
name in the database. All sequence comparisons were run on a Decypher TimeLogic using the 
Smith-Waterman algorithm for pairwise sequence comparisons and Hidden Markov Models for 
sequence-to-profile comparisons, active motifs included. The output was subsequently analyzed 
in a Linux environment using Perl scripts.
Datasets
We started with 9726 sequences (5484 cDNAs and 4242 gDNAs). From these we used specific 
subsets that were more particularly designed to answer each specific biological question i.e., the 
best compromise between using as much data as possible and using good quality data.
We used the following datasets:
- Initial-set: contains the clones that were initially sequenced: 4242 gDNAs and 5484 
cDNAs.
- Nr-set: contains the longest sequence of each cluster generated from the Initial-set: 2841 
gDNAs and 1914 cDNAs.
- UniProt-set: contains all Nyctotherus gDNAs having homologs with the known proteins 
from UniProt: 1459 gDNAs
- UniProt-nr-set: contains Nyctotherus gDNAs from the nr-set having homologs within the 
known proteins from UniProt: 937 gDNAs.
- Princeton-set: contains 13 carefully sequenced full-length Nyctotherus macronuclear 
chromosomes.
All sequences have been submitted to the EMBL nucleotide database. The numbers are: 
AM894321-AM899804 for the cDNAs, AM890408-AM894321 for the gDNAs and AM890081- 
AM890407 for the set of completely sequenced macronuclear chromosomes.
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Telomere removal
From the Princeton-set (see above), we could determine that macronuclear telomeres of N. ovalis 
are mostly of the form CCC(AAAACCCC)n or (GGGGTTTT)mGGG with n and m comprised 
between 1 and 6. However this set only contains 13 molecules and we found longer telomeres 
within the Initial-set. Despite the occasional presence of more repeats in this set, the form of 
these telomeres remains the same, so we identified telomeres by the following regular expression 
in Perl: /AGTN([CAN]CCCC)/ and eventually refined their removal by hand.
Verifying th a t m acronuclear chromosomes contain a single gene.
To determine whether or not the N. ovalis sequences contain only one gene, we compared the 
2841 gDNA from the nr-set against UniProt release 9.1 database, with a SWX search and an E­
value threshold of 1e-05. For all N. ovalis gDNAs, we retrieved the boundaries of the "best hit" 
to a known protein. Subsequently we examined whether, in the hit list there were any hits that 
did not overlap with the first hit. We never observed cases of such non-overlapping hits, arguing 
for the presence of only a single gene per macronuclear chromosome.
O rientation of the sequences
UniProt detection
Sequences were compared against UniProt database (SWX; evt=1e-05). Sequences with a match 
on the reverse strand were reversed and in the case of the presence of one or the two telomeres, 
the upstream and/or downstream regions were extracted. 1459 gDNAs could be oriented this way 
representing 937 different clusters/non-redundant sequences.
Purine/pyrim idine ratio
As we discovered that the coding strand had a higher purine/pyrimidine ratio than the reverse 
strand, we used this ratio to orient the sequences that could not be oriented with UniProt hit. 
Sequences having a purine/pyrimidine ratio <1 were reversed.Analysis of subtelomeric regions
The 300 first nucleotides after the telomeres 5’ and the 300nt before the telomeres 3’ from the
sequences of the UniProt-set were extracted. We measured the Shannon entropy ( H= 
n 1 
^ p (i)l° g 2(— )
i=1 p(1) ), the purine skew, defined as ((A+G)-(C+T))/((A+G)+(C+T)), the AT skew,
defined as ((A+T)-(G+C))/((A+T)+(G+C)), and the single nucleotide composition of these 
sequences for the 300 aligned positions.
We searched for conserved motifs using a Gibbs sampling program AlignACE (Roth, Hughes et 
al. 1998), and the motif discovery tool MEME (Bailey, Williams et al. 2006) in these regions.
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In tron  detection
1914 cDNAs were compared to 2841 gDNAs of the nr-set using GeneDetective with the default 
values except “filter o ff’ on Decypher and Exonerate (Slater and Birney 2005), with the 
following parameters: model=est2genome, percent=50 and mini-intron=20 and were then 
validated by hand. Exonerate only identified introns in 17 sequences, whereas Genedetective 
found an additional 10 sequences with introns. To compare nucleotide percentages in the introns 
with the rest of the sequences, we used for the latter the pieces of cDNAs matching the gDNAs. 
Intron boundaries were displayed using WebLogo (Crooks, Hon et al. 2004). Introns in 
Nyctotherus gDNAs were predicted with Genewise (Birney, Clamp et al. 2004). First, all 
Nyctotherus gDNAs were compared with Paramecium proteins for which experimentally- 
derived (gDNA/cDNA comparison based) introns were known, using swX (Smith-Waterman X) 
on a Decypher machine. Subsequently GeneWise was run for the best hits of Nyctotherus 
sequences with the Paremecium proteins in the "-splice flat -intron tied" mode to identify likely 
introns in the Nyctotherus sequences. From the GeneWise results we extracted the locations of 
the Nyctotherus introns in the Paramecium proteins. The latter were then compared with the 
experimental locations of the Paramecium introns to establish which ones were conserved. 
Introns were considered conserved when the Nyctotherus introns mapped to the same location in 
the aligned Paramecium proteins as the Paramecium introns, allowing for a maximum shift of 2 
amino acids. Supporting the conservation of the 48 thus determined introns was the observation 
that they had a conserved phase in all cases except one. Experimentally-determined intron 
locations in Paramecium were kindly provided by Laurent Duret and Francois Gout (University 
de Lyon).
We compared the positions of the introns of N. ovalis against the position of the introns in their 
closest homologs (blastx evt=1.e-05) in another ciliate T. thermophila and a member of the 
Apicomplexa P. falciparum. Ciliates and Apicomplexa are both Alveolata. The genome of 
T. thermophila was recently published (Eisen, Coyne et al. 2006). Tetrahymena protein and 
genomic sequences were obtained from the Tetrahymena Genome Database on 
http://www.ciliate.org/. We worked with Assembly2 --Nov_2003_scaffolds and 27769 cDNAs 
from 08-30-2006.
By comparing the N. ovalis sequences to known proteins (Smith-Waterman against UniProt- 
Swissprot database; E-value threshold 1e10-5), we identified homologs of the spliceosome 
complex.
Motif, miRNA discovery
We used MEME (Bailey, Williams et al. 2006), an expectation maximization algorithm and 
AlignACE (Roth, Hughes et al. 1998), a Gibbs sampling program, to discover over-represented 
motifs de novo. We then tested their presence in the whole dataset using MAST (Bailey and 
Gribskov 1998).
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We also used TRANSFAC (Wingender, Chen et al. 2000), a database on eukaryotic cis-acting 
regulatory DNA elements and trans-acting factors that covers the whole range from yeast to 
human, to search these motifs in our set.
We detected tRNAs using tRNAscan-SE (Lowe and Eddy 1997) with the default parameters. 
The potential presence of a miRNA was examined with the algorithm described in (Sewer, Paul 
et al. 2005)
Genetic Code
We determined the stop codon usage by examining those cDNAs that aligned with 1) at least 
40% identity over 2) at least 60 amino acids that 3) did not have unknown nucleotides (N) in the 
alignment and 4) aligned until the N-terminus of a known protein. For the 328 cDNAs that fit 
those criteria we examined the next codon. TAA (141 cases) is preferentially used as stop codon, 
TAG (5 cases) also occurs in those locations, but less than e.g. GAC (40 cases) or GCC (59) 
cases.
Phylogenetic analysis
rRNA sequences were extracted from Genbank; the sequence of the dinoflagellate Symbiodinium 
was used as an outgroup to root the tree.
Phylogenetic trees were constructed using an alignment provided by Muscle (Edgar 2004; Edgar 
2004). Sequences were edited and the most relevant parts from the alignments were selected 
manually using Seaview (Galtier, Gouy et al. 1996). Phylogenies were subsequently derived 
using the program PhyML (Guindon, Lethiec et al. 2005) using the HKY model and an estimated 
number of invariable sites with four substitution rate categories. 100 bootstraps were performed.
Abbreviations
tRNA: transfer RiboNucleic Acid; TFBS: Transcription Factor Binding Site; nr: non-redundant; 
SW: Smith-Waterman
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Additional file 1 -  N. ovalis introns found by comparison between cDNAs and gDNAs. Comparison with the 
homologous sequences of ciliate T. thermophila and the apicomplexan P. falciparum.
sequence intron homolog
number count ACCESS NUMBER description intron sequence homolog inTth inPfa
1 1 A M 8 9 0 0 8 7 Aldehyde dehydrogenase GT AT CT CTT CTTAT AAT CT CTTT AG 2 introns No homolog
2 2
3
4
5
6
A M 8 9 3 3 8 6
Testis-specific gene A2-like protein
GT AACaAT AAGCATT AT CT AG 
GT AT AGGGT ATT AT AAAAGTTTAG 
GT AAAGAAGACCTT CAAAT AT AG 
GT AACTTAT CT AACT GT CGT AG 
GT AAGAGT AT AGGTT AAGAAGT AG
8 introns 1 intron
3 7 A M 8 9 2 4 9 7 Malate dehydrogenase GT AAT CT GT AT AT GT AAAT CT AT AG 2 introns No homolog
4 8 A M 892905 GTAAATCAACAT AT AAGCCGAT AG No homolog No homolog
5 9
10
A M 892731 GTACATTTAATTCTTATCCATAG 
GT AAAT CAT AGCTT ACCNAT AG
No homolog No homolog
6 11 A M 893135 tetraspanin GTAACAGCCCCCCTAATCTTAG 0 intron No homolog
7 12
13
A M 892055 GTATTATCGTTTATAAGAGTAG 
GT AACGTT CTT GTTTATTT AT AG
No homolog No homolog
8 14
15
A M 893155
Succinyl-CoA ligase [GDP-forming] beta-chain
GTAACTTTTATATTCAAGCTAATAG 
GT AAGT GT GGGGCGATT CCTTAG
2 introns + 1 
same position No homolog
9 16
17
A M 8 9 2 7 1 6 Autophagy protein 3-like GTACGAACTTGCCTTCNGTCTTTAG 
GT AATTTAT AT CGAACACGGT AG
No homolog No homolog
10 18 A M 8 9 0 5 3 1 6 eukaryotic peptide chain release factor subunit 1-3 GTAAT AAACTT ATT AT CTTT AG 4 introns 0 intron
11 19 A M 8 9 1 5 9 4 GTAAT CCTTT ACTT AATTT AT AG No homolog 0 intron
12 20
21
A M 8 9 0 5 7 8 9 Puff II/9-2 protein precursor GT AAACCT CT CT CT CATT GTT AG 
GT AAAT CCAT GAT GT AAAT AT AG
No homolog 0 intron
13 22 A M 8 9 0 6 3 5 0 60S ribosomal protein P1 GT AACAT CTTACT CT CAT CCATTAG No homolog
1 same 
position
14 23 A M 8 9 0 6 3 6 9 GTAAGCT CCCACCT AAACCATT AG No homolog No homolog
15 24
25
A M 8 9 0 1 3 6 40S ribosomal protein S6-B GTATACAAGTTCTAAGCCTTTAG 
GT AAGT GT GGGGGT GAGCGT AG
3 introns + 2 
same positions
0 intron
16 26
27
A M 8 9 0 2 4 4 40S ribosomal protein S5-2 GTATGGAGTTTTTGTTAAGGTTTAG 
GTAGTTTTT CCT CT GACCTT GT GG
0 intron 1 intron
17 28 A M 8 9 0 6 9 4 40S ribosomal protein S4-A GT AAAT GT CAATTAAT ATT CAAT AG No homolog No homolog
18 29
30
31
A M 8 9 0 7 1 9
Alpha-soluble NSF attachment protein 2
GTAAAGTTGATTTGGTATACGTAG 
GTAAGGCACAACTAACTTCCTAG 
GT ACTT GCT CCT CT AAT AT GT AG
No homolog No homolog
19 32 A M 893533 Probable aldehyde dehydrogenase GT ATTT CCT CCT CT CACCT CCT AG 2 introns No homolog
20 33
34
A M 8 9 3 5 8 6 40S ribosomal protein S3a
GT ACCTTTT CCCT CAT CACT CTT CT A 
G
GT ACCT CCT CCCT CACT CCT AG
No homolog No homolog
21 35
36
A M 893841 hypothetical protein Tth GTAAACTAATAAAAACAGTATAG 
GT AGCT CAT AGAAT AAAT CTTAG
4 introns No homolog
22 37 A M 890113 GT AACTT CT CACACAAT AT AG No homolog No homolog
23 38
39
40
A M 8 9 0 8 0 0 GTACTCCTTCTTTTTAACAAACCAG
GTATTCAACAGTAAATTTTAG
GTAAGAATCATTGAAGTTAATATGT
AG
No homolog No homolog
138
41 GT AAT AGTTAAAGACAT ACAT AG
24 42
43
A M 8 9 0 8 3 0
Serine/threonine protein phosphatase 6
GTAATTCTCTTAACTAAAGCCTAG
GTAGACTTAATCTTTTAATCTTCCA
TTAG
2 introns 0 intron
25 44
45
A M 894301 hypothetical protein Tth GTAGATAATTTAAATTCATCGTTAG
GTAATTTAGAAGTTTNAACTTCCTT
TAG
5 introns No homolog
26 46 A M 891053 hypothetical protein GTACT CCTTTT CT CT GACCCT CT AG No homolog No homolog
o x o g lu ta rate  c o n sen su GTACTAGTAGCCCGCTTAACTCAAT
27 47
48
s
oxoglutarate malate dehydrogenase
TAG
GT AAGAGT AATT GCT AGCAT AG
5 introns No homolog
Additional file 2 -  Eight 3’UTRs carefully selected by hand. No polyadenylation signal can be observed.
sequence name after stop codon - before polyA tail length
AM895125
ATATGGGTGGGATGAACCTGTTTGGTGGTGAAGATGATTACTGACCCTCTTCCTG
AAAACAAACATTA 68
AM895462 ATCCTAACCCTCCCAATTAATGC 23
AM894932 TTCACNCTCTTTTACCGTATACTGGA 26
oxoglutarate_consensus ACAACTAACCTATCTGACTTCATTACAAAA 30
AM895494 TCCTACCCTCCTC 13
AM894400
CGCCAGCAGGTGACTAACTCAATCCTCGAAATCTTTAAATTGATTGCTCACCTCTA
TCTCC 61
AM895204 AGAAAACTCCCCCTTTNATTAATTNNCNGTCTTTCCG 37
AM895337 TCTCACCATTAAAATCAACAACACTCG 27
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A bstract
Background
Hydrogenosomes are organelles that produce molecular hydrogen and ATP. The broad 
phylogenetic distribution of their hosts suggests that the hydrogenosomes of these organisms 
evolved several times independently from the mitochondria of aerobic progenitors. Morphology 
and 18S rRNA phylogeny suggest that the microaerophilic amoeboflagellate Psalteriomonas 
lanterna, which possesses hydrogenosomes and elusive “modified mitochondria”, belongs to the 
Heterolobosea, a taxon that consists predominantly of aerobic, mitochondriate organisms. This 
taxon is rather unrelated to taxa with hitherto studied hydrogenosomes.
Results
Electron microscopy of P. lanterna flagellates reveals a large globule in the centre of the cell that 
is build up from stacks of some 20 individual hydrogenosomes. The individual hydrogenosomes 
are surrounded by a double membrane that encloses a homogeneous, dark staining matrix lacking 
cristae. The “modified mitochondria” are found in the cytoplasm of the cell and are surrounded 
by 1-2 cisterns of rough endoplasmatic reticulum, just as the mitochondria of certain related 
aerobic Heterolobosea. The ultrastructure of the “modified mitochondria” and hydrogenosomes 
is very similar, and they have the same size distribution as the hydrogenosomes that form the 
central stack.
The phylogenetic analysis of selected EST sequences (Hsp60, Propionyl-CoA carboxylase) 
supports the phylogenetic position of P. lanterna close to aerobic Heterolobosea (Naegleria 
gruberi). Moreover, this analysis also confirms the identity of several mitochondrial or 
hydrogenosomal key-genes encoding proteins such as a Hsp60, a pyruvate:ferredoxin 
oxidoreductase, a putative ADP/ATP carrier, a mitochondrial complex I subunit (51 KDa), and a 
[FeFe] hydrogenase.
Conclusions
Comparison of the ultrastructure of the “modified mitochondria” and hydrogenosomes strongly 
suggests that both organelles are just two morphs of the same organelle. The EST studies suggest 
that the hydrogenosomes of P. lanterna are physiologically similar to the hydrogenosomes of 
Trichomonas vaginalis and Trimastixpyriformis. Phylogenetic analysis of the ESTs confirms the 
relationship of P. lanterna with its aerobic relative, the heterolobosean amoeboflagellate 
Naegleria gruberi, corroborating the evolution of hydrogenosomes from a common, 
mitochondriate ancestor.
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Background
Aerobic eukaryotes possess classical mitochondria, but anaerobic eukaryotes can host very 
diverse organelles that belong to a broad spectrum of double-membrane bounded, mitochondria- 
related compartments. These organelles range from full-fledged, but anaerobic mitochondria to 
tiny “mitosomes“ with a minimal protein content. Examples of these anaerobic functioning 
organelles are the “mitochondria-like” organelles of Blastocystis (Stechmann, Hamblin et al. 
2008), the “mitochondrial remnant” of Cryptosporidium (Keithly 2008), the “hydrogenosomes” 
of Trichomonas (Müller 1993) and the “mitosomes” of Giardia, Entamoeba, and 
Trachipleistophora (Tovar, Fischer et al. 1999; Williams, Hirt et al. 2002; Tovar, Leon-Avila et 
al. 2003). Anaerobic mitochondria, mitochondria-like organelles and hydrogenosomes produce 
ATP, albeit with either different electron transport chains than in aerobic mitochondria, or 
without an electron transport chain altogether. Mitosomes do not produce ATP -  they seem to 
host only enzymes engaged in Fe-S cluster biogenesis (Howe 2008). The presence of these 
proteins appears to be the only property that is shared between all members of the mitochondrial 
family, perhaps with the exception of the mitosomes of Entamoeba histolytica and 
Mastigamoeba balamuthi where the corresponding proteins are likely to be localized in the 
cytoplasm (Gill, Diaz-Trivino et al. 2007; Aguilera, Barry et al. 2008; Goldberg, Molik et al. 
2008). Hydrogenosomes produce molecular hydrogen with the aid of one or several 
hydrogenases. They are double-membrane bounded organelles sized approximately 0.5 -  2 |im. 
They are found in a broad spectrum of unicellular, anaerobic (or microaerophilic) protists such as 
parabasalid flagellates (Trichomonas vaginalis, Tritrichomonas foetus, Histomonas meleagridis), 
excavate, preaxostylid flagellates (Trimastix pyriformis), heterolobosean amoeboflagellates 
(Psalteriomonas lanterna), anaerobic ciliates (Nyctotherus ovalis, Metopus palaeformis, 
Trimyema compressum, Caenomorpha uniserialis, Dasytricha ruminantium), and anaerobic 
chytridiomycete fungi (Neocallimastix sp., Piromyces sp.). The broad phylogenetic distribution 
of their hosts suggests that the hydrogenosomes of these organisms evolved several times 
independently. Accordingly, hydrogenosomes are not the same, they differ structurally and 
metabolically (Hackstein JHP, Akhmanova A et al. 2001; Hackstein, Tjaden et al. 2006; 
Hackstein, Baker et al. 2008; Hackstein, de Graaf et al. 2008). However, it is likely that all these 
various hydrogenosomes produce ATP by substrate-level phosphorylation. Besides ATP and 
hydrogen, most of them produce CO2 and acetate as end products of their carbohydrate 
metabolism. Nyctotherus ovalis produces succinate in addition, and the ciliate Trimyema 
compressum as well as the anaerobic chytrids Neocallimastix sp. and Piromyces sp. produce 
formate as one of their metabolic end products (Boxma, Voncken et al. 2004; Boxma, de Graaf 
et al. 2005; Hackstein, Baker et al. 2008; Hackstein, de Graaf et al. 2008). The major substrate of 
the carbohydrate catabolism of hydrogenosomes is pyruvate that is metabolized by either 
pyruvate:ferredoxin oxidoreductase (PFO) as in Trichomonas or pyruvate:formate lyase (PFL) as 
in Neocallimastix and Piromyces (Boxma, Voncken et al. 2004; Carlton, Hirt et al. 2007). 
Notably, Nyctotherus ovalis uses pyruvate dehydrogenase (PDH) as aerobic mitochondria do 
(Boxma, de Graaf et al. 2005). For their major redox-reactions, hydrogenosomes use ferredoxins
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or components of a mitochondrial or bacterial complex I. (Embley and Martin 2006; Boxma, 
Ricard et al. 2007).
Evidence from morphology and 18S rRNA phylogeny suggests that the microaerophilic 
amoeboflagellate Psalteriomonas lanterna belongs to the Heterolobosea, a taxon that consists 
predominantly of aerobic, mitochondriate organisms (Broers CAM, Stumm CK et al. 1990; 
Weekers, Kleyn et al. 1997; O'Kelly, Silberman et al. 2003; Moon-van der Staay, Tzeneva et al.
2006). Only three related anaerobic organisms, the amoebae Vahlkampfia anaerobica, 
Monopylocystis visvesvarai and Sawyeria marylandensis have been described. While the lack of 
molecular data does not allow a closer determination of the phylogenetic position of 
Vahlkampfia anaerobica, 18S rRNA data clearly reveal that the latter two amoebae are close 
relatives of Psalteriomonas lanterna (Smirnov AV and Fenchel T 1996; O'Kelly, Silberman et 
al. 2003; Moon-van der Staay, Tzeneva et al. 2006). The flagellate stage of Psalteriomonas 
lanterna hosts a large globular hydrogenosomal complex that is associated with numerous 
endosymbiotic methanogens (Broers CAM, Stumm CK et al. 1990). Remarkably, it also hosts
0.6 -  3.0 |im sized cytoplasmic organelles that were interpreted as “modified mitochondria” 
(Broers CAM, Stumm CK et al. 1990; Broers CAM 1992). If this interpretation is true, it would 
make Psalteriomonas unique in having both mitochondria and hydrogenosomes which are 
normally mutually exclusive. The large, globular organelles were identified as hydrogenosomes 
using a cytochemical reaction (BSTP staining, c.f. (Zwart, Goosen et al. 1988)) to detect 
hydrogenase activity and the organelle’s reaction with a heterologous antibody against 
hydrogenase (Broers CAM 1992). The “modified mitochondria” reacted only weakly with the 
antibody and were not analyzed in more detail. Physiological studies were not performed since 
P. lanterna cannot be cultured axenically. Molecular information is restricted to the DNA 
sequence of a ferredoxin and the 18S rRNA gene; the latter allowed the determination of the 
phylogenetic position of P. lanterna as belonging to the Percolozoa (Heterolobosea) with a 
sistergroup relationship to the Vahlkamphidae (Brul, Veltman et al. 1994; Weekers, Kleyn et al. 
1997; O'Kelly, Silberman et al. 2003; Moon-van der Staay, Tzeneva et al. 2006).
Here we present a combined electron microscopic and molecular study that aims to unravel the 
structure and function of the hydrogenosomes and the presumed “modified mitochondria” of 
Psalteriomonas lanterna. We describe the ultrastructure of the “modified mitochondria” and 
hydrogenosomes in detail and provide evidence that both organelles are actually two morphs of 
the same organelle and not two different organelles. Moreover, we provide molecular 
information from preliminary EST studies on the phylogenetic position with respect to the 
aerobic relatives and the potential function of the hydrogenosomes. These studies suggest that 
the hydrogenosomes of P. lanterna are physiologically similar to the hydrogenosomes of 
Trichomonas vaginalis and Trimastixpyriformis (Carlton, Hirt et al. 2007; Hampl, Silberman et 
al. 2008). Phylogenetic analysis of the ESTs confirms the relationship of P. lanterna with its 
aerobic relative, the heterolobosean amoeboflagellate Naegleria gruberi. This organism is a free- 
living soil and freshwater amoeboflagellate and closely related to the pathogenic Naegleria 
fowleri that can cause severe amoebic meningitis.
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Results and discussion
Electron microscopy
Light microscopy of Psalteriomonas lanterna flagellates reveals a large globule in the centre of 
the cell (Fig. 1a). This globule had been identified as a hydrogenosome by its reaction with an 
antiserum against hydrogenase and activity staining for hydrogenase with the aid of the BSTP 
reaction (Broers CAM 1992). Also in the amoeba stage this globule is present but less 
prominently shaped (Fig. 1b). DAPI - and ethidium bromide staining of the globule for nucleic 
acids were negative (not shown).
Figure 1: Light microscopy of Psalteriom onas lanterna.
A: Flagellate stage of Psalteriom onas lanterna DIC-microscopy. At the apical side of the cell two of the four 
flagella clusters can be seen. The globule in the centre of the cell is the hydrogenosomal complex.
B: Amoeba stage of Psalteriom onas lanterna. CLS-microscope. Bars: 30 ^m
When the hydrogenosomes of Psalteriomonas lanterna were described for the first time at the 
electron microscopy level, they were seen to form globules consisting of closely packed 
“microbodies” intermingled with symbiotic methanogenic archaea (Broers CAM, Stumm CK et 
al. 1990). In some cases the hydrogenosomes (microbodies) were penetrated by methanogens 
(Broers CAM 1992). Notably, the analysis of symbiont-free cells revealed that the 
hydrogenosomes also assembled into globules in the absence of methanogenic archaea. After 
more than 20 years of cultivation, all Psalteriomonas lanterna cells became free of methanogens 
as judged by the absence of methane production and the specific F420 autofluorescence 
(Doddema and Vogels 1978) (data not shown). Electron microscopical analysis confirms the 
absence of methanogens and reveals that the central globule is a large complex built up from 
stacks of more than 20 individual hydrogenosomes, which are predominantly sausage- and 
dumb-bell-shaped (Fig. 2 c, d). Individual hydrogenosomes are surrounded by a double
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membrane that encloses a homogeneous, dark staining matrix (Fig. 2 d). In a few cells, up to four 
smaller hydrogenosomal complexes were found; the stacks consist of 5-6 individual 
hydrogenosomes (Fig. 2 a). These stacks are regarded as juvenile complexes.
Figure 2: Electron microscopy of the hydrogenosomes of Psalteriom onas lanterna flagellates.
A: Cell with two small stacks of hydrogenosomes. HC: hydrogenosomal complex.
B: Group of dumb-bell-shaped hydrogenosomes in the periphery of the cell. The hydrogenosomes are surrounded by 
cisterns of rough endoplasmatic reticulum (rough ER). These organelles have been named “modified mitochondria” 
by Broers (1992) (Broers CAM 1992).
C: Large stack of hydrogenosomes (HC)
D: Detail of the hydrogenosomal complex shown in C.
E: “Single” hydrogenosome surrounded by rough ER.
F: Dumb-bell-shaped hydrogenosome (“modified mitochondrion”)
Bars A-D, F: 1 ^m; E: 0.5 ^m
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Broers (Broers CAM, Stumm CK et al. 1990) described “modified mitochondria” in the 
periphery of the Psalteriomonas lanterna cells, odd organelles that were surrounded by a cistern 
of rough endoplasmatic reticulum (rough ER). In our study, these “modified mitochondria” look 
very similar to the individual hydrogenosomes of the hydrogenosomal complex of the globule 
(Fig. 2 b, e, f). The matrix is homogeneous, but less densely stained as in the stacked 
hydrogenosomes; there is no evidence for the presence of (mitochondrial) cristae. All these 
organelles are surrounded by 1-2 cisterns of rough ER -  like the mitochondria of aerobic 
Heterolobosea, e.g. Tetramitus rostratus, Paratetramitus jugosus, Vahlkampfia aberdonica, 
Vahlkampfia avara and Vahlkampfia ustiana (Page and Blanton 1985; Brugerolle and Simpson
2004). Similarly to the hydrogenosomes in the stack, they are bounded by a double membrane. 
Most organelles are dumb-bell-shaped (Fig. 2 b, f), some are sausage-shaped (Fig. 2e), and a few 
are cup-shaped and similar in appearance to the mitochondria of certain aerobic Heterolobosea, 
e.g. Vahlkampfia ustiana (Page and Blanton 1985). Certain dumb-bell and cup-shaped organelles 
are rather slim in the middle, suggesting that these organelles might be fission stages similar to 
the fission stages of Trichomonas vaginalis hydrogenosomes (Nielsen and Diemer 1976). A 
biometric analysis of the electron microscopic pictures of the stacked hydrogenosomes and the 
cytoplasmatic organelles revealed no differences in the length-distribution (Fig. 3). The diameter 
of the hydrogenosomes and the modified mitochondria show a modal distribution around 0.3 |im 
(range 0.1-0.9, N=111; data not shown). Given the identical distribution of lengths and diameters 
and the very similar morphology, we conclude that the cytoplasmatic organelles are 
hydrogenosomes, potentially in young, dividing stages. Absence of staining of the cytoplasmatic 
organelles in the BSTP reaction at the light microscopic level can be explained either by a lack 
of hydrogenase activity in the “young” organelles or by an insufficient sensitivity of the BSTP 
reaction. On the other hand, pictures published by Broers (Broers CAM 1992) suggest a faint 
reaction with the hydrogenase antibody.
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Figure 3: Histogram of the lengths of hydrogenosomes.
Randomly selected sections of hydrogenosomes on the electron micrographs were measured and plotted. “dividing”
: dumb-bell-shaped organelles. “complexes”: hydrogenosomes from stacks. All kinds of hydrogenosomes belong to 
the same length distribution.
Moreover, both types of organelles stain with Rhodamine-123 as normal mitochondria and 
hydrogenosomes (Broers CAM 1992; Boxma, de Graaf et al. 2005). Therefore, it is likely that 
both the stacked hydrogenosomes and the cytoplasmatic organelles (“modified mitochondria”) 
are morphs (or developmental stages) of the same organelle. It is highly unlikely that 
hydrogenosomes and mitochondria occur in the same cell, because hydrogenosomes have been 
identified as a special kind of hydrogen-producing mitochondria (Boxma, de Graaf et al. 2005; 
Embley and Martin 2006; Hackstein, Tjaden et al. 2006). On the other hand, different morphs of 
mitochondria have been described in the ciliate Euplotes minuta (Jurland and Lipps 1973; Gortz 
1975). The most spectacular example of the presence of different mitochondria in the same 
organism is the “nebenkern” formation during spermatogenesis in Drosophila where 
mitochondria aggregate and fuse to form a globule of the same size as the nucleus (Fuller 1993).
ESTs
About 480 randomly chosen clones were sequenced and analyzed using the BLAST X tool 
(Altschul, Madden et al. 1997). The clones were single reads of varying length. The genes 
discussed here (except 51 kDa) were extended by RT-PCR.
Although the cDNA library was created using poly-d(T) primers, several sequences of bacterial 
origin were identified that matched with species present in the non-axenic culture. However, 
bona-fide Psalteriomonas sequences were easily identified by their high A+T content (67-72%).
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In addition, a codon usage analysis was performed using the Cusp program from the EMBOSS 
package (Rice, Longden et al. 2000) and a principal component analysis. These analyses 
confirmed the homogeneity of the putative Psalteriomonas sequences.
The protein sequences were selected for phylogenetic analysis either because of their usefulness 
for establishing the phylogenetic position of Psalteriomonas lanterna: Elongation Factor 1 alpha, 
Hsp60, or for their potential role in the hydrogenosomal metabolism: putative ADP/ATP carrier, 
[FeFe] hydrogenase, pyruvate:ferredoxin oxidoreductase (PFO), propionyl-CoA carboxylase 
(PCCB), Complex I -  51kDa subunit and glutamate dehydrogenase (GDH).
Elongation Factor 1 alpha (EF-1 alpha)
During the translation of a mRNA chain in the ribosome, two GTPases play an important role in 
the elongation cycle: the Elongation factor 2 (EF-2 or EF-G in Prokaryotes) and the Elongation 
Factor 1 alpha. The EF-1 alpha (EF-Tu in Prokaryotes) is responsible for carrying and promoting 
the binding of aminoacyl-tRNAs to the A-site of the ribosomal small subunit (Nilsson and 
Nissen 2005).
Since Elongation Factor 1 alpha is present in the three domains of life, i.e., Bacteria, Archaea 
and Eukaryota, it should be a good phylogenetic marker that might be useful for inferring the 
phylogenetic position of Psalteriomonas within the eukaryotic tree of life. However, the species 
distribution within the tree calculated here is not in complete agreement with the eukaryotic tree 
of life since several species exhibit conspicuous artefactual relationships, particularly the 
polyphyly of the ciliates and Amoebozoa (Fig 4). Notwithstanding, Psalteriomonas lanterna 
clusters with Trichomonas vaginalis as seen in several of our phylogenies.
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Figure 4: ML tree for the Elongation Factor 1 alpha. This tree was computed using the RtREV+4discrete-rate 
G+I+F. The tree is rooted by an outgroup of Archaeal species. Branch values represent the bootstrap percentage.
H eat shock protein 60 (Hsp60/cpn 60)
Hsp60 (GroEL/cpn60) is an ATP-dependent, highly conserved protein, involved in protein 
folding, maturation, renaturation and assembly of complexes, as well as in intracellular cross­
membrane shuttling of precursor-protein molecules (Emelyanov 2002). In nearly all eukaryotes it 
is located in the mitochondria, hydrogenosomes or mitosomes.
Its structure resembles a cylindrical barrel, which binds and encloses the folding of proteins in its 
core (Saibil 2008). It is an essential and highly conserved protein present in virtually all 
organisms, shows no evidence of horizontal gene transfer, and is frequently used as a 
mitochondrial marker (Karlin and Brocchieri 2000).
The Hsp60 phylogeny shows the expected eukaryotic branching, and a solid bootstrap supported 
outgroup of Prokaryotic sequences (Fig. 5). Psalteriomonas lanterna and Naegleria gruberi 
branch together corroborating a close relationship between the mitochondrion of Naegleria
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gruberi and the hydrogenosomes of Psalteriomonas lanterna. This clustering with N. gruberi is 
consistent with the previously published 18S rRNA phylogeny which groups both organisms 
(Weekers, Kleyn et al. 1997; O'Kelly, Silberman et al. 2003; Moon-van der Staay, Tzeneva et al. 
2006). Furthermore, the clustering of the Heterolobosea with the Euglenozoa seen in this tree is 
consistent with previously published eukaryotic phylogenies (Hampl, Hug et al. 2009)
Figure 5: Phylogeny of the Heat Shock Protein 60. The branch values represent bootstrap values. ML tree computed 
with RtREV+4 discrete-rate G+I+F. An outgroup of Bacteria was chosen to root this tree.
M itochondrial Solute C arrie r (putative ADP/ATP C arrie r (AAC))
The ADP/ATP translocator is a member of the Mitochondrial Carrier Family (MCF), which 
catalyses the transmembrane exchange of ATP produced in the mitochondria (or 
hydrogenosomes) for cytosolic ADP. All members of this protein family exhibit a tripartite 
structure which consists of three consecutive sequence repeats of about 100 residues each 
representing the 3 transmembrane domains (Kunji 2004). This protein family is exclusively 
present in Eukaryotes.
All bona-fide mitochondria, but also the hydrogenosomes of Nyctotherus ovalis and 
Neocallimastix/Piromyces, possess members of the mitochondrial-type ADP/ATP translocator 
subfamily. The hydrogenosomes of Trichomonas vaginalis and the mitosomes of Entamoeba
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histolytica and Antonospora locustae do not possess a mitochondrial-type ADP/ATP 
translocator. Instead they evolved alternative ADP/ATP carriers, which, of course, belong to the 
mitochondrial carrier family (Haferkamp, Hackstein et al. 2002). In addition, the three members 
of the mitochondrial carrier family of Trimastix pyriformis do not belong to the cluster of 
genuine mitochondrial-type AACs; their function has not yet been established (Hampl, 
Silberman et al. 2008). While the AAC of Naegleria gruberi clusters within the bona-fide 
mitochondrial carriers, the mitochondrial carrier protein of Psalteriomonas lanterna assumes an 
intermediate position between the genuine mitochondrial AACs and the alternative transporters 
of Trichomonas, Entamoeba and Antonospora (Fig. 6). The phylogenetic position of the 
mitochondrial carrier protein of Psalteriomonas lanterna argues that this mitochondrial carrier 
might also be an alternative ADP/ATP carrier. Nevertheless, the alternative possibility, that the 
mitochondrial carrier protein of Psalteriomonas lanterna is derived from bona-fide AACs cannot 
be excluded.
Figure 6: ML phylogeny of the putative ADP/ATP carrier (member of the Mitochondrial Solute Carrier family). 
Branch values are the bootstrap percentages, and the tree was computed using a RtREV+4 discrete-rate G+F.
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[FeFe] Hydrogenase
Hydrogenases are metalloenzymes that catalyze the reversible reaction that produces dihydrogen 
using two electrons and two protons. These enzymes are classified in three distinct classes 
according to the metallic composition of their prosthetic groups: the [Fe]-hydrogenases, only 
present in methanogenic Archaea; the [NiFe]-hydrogenases, widespread within Prokaryotic 
organisms; and finally, the oxygen sensitive [FeFe]-hydrogenases (Kamp, Silakov et al. 2008).
[FeFe]-hydrogenases are rather common in anaerobic Bacteria and Archaea, but in 
eukaryotes its presence is limited to a few species of anaerobic protists, anaerobic chytrid fungi 
and some green algae. In general, the hydrogenase is located in membrane-bounded organelles,
i.e. plastids or hydrogenosomes. In Giardia and Entamoeba the enzyme is located in the 
cytoplasm (Horner, Heil et al. 2002). [FeFe]-hydrogenases are generally monomeric and exhibit 
a multi-domain structure, with a very well conserved active site of ca. 350 residues -  the H- 
cluster -  and a variably sized N-terminal domain containing up to four Fe-S clusters (Meyer
2007). This phylogeny was computed using the H-cluster portion of the protein, due to the 
modular structure of the hydrogenases, and it positions Psalteriomonas lanterna as a sister group 
of the algal and fungal hydrogenases (Fig.7).
Figure 7: Phylogeny of the [FeFe]Hydrogenase, based on the alignment of the H-cluster. ML bootstrap support 
values are indicated in the branches. ML computation using a WAG+4 discrete-rate G+I+F model.
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Pyruvate:Ferredoxin oxidoreductase (PFO)
Pyruvate is of central importance for the energy metabolism of cells. Its oxidative 
decarboxylation leads to the formation of acetyl-CoA and CO2. Aerobic species possess a 
pyruvate dehydrogenase (PDH) multi-enzyme complex, which catalyzes this reaction and 
specifically reduces NAD+. Anaerobic species in general use another set of specialized enzymes, 
which reduce low-potential electron carrier proteins, e.g. ferredoxin or flavodoxin, instead of 
pyridine nucleotides like NAD (Moulis, Davasse et al. 1996; Menon and Ragsdale 1997). One of 
these enzymes is the pyruvate:ferredoxin oxidoreductase (PFO), which is present in many 
eubacteria and archaea, but also in a restricted number of anaerobic eukaryotes, like 
Trichomonas vaginalis (Carlton, Hirt et al. 2007), Trimastixpyriformis (Hampl, Silberman et al.
2008), Giardia lamblia and Entamoeba histolytica (Müller 1998). PFO seems not to be present 
in the aerobic amoeboflagellate Naegleria gruberi. It is regarded as a hallmark protein for 
hydrogenosomes or organisms with mitosomes (Müller 1998), although PFO or the related PNO 
have also been detected in a few organisms with mitochondria, e.g. Euglena and 
Chlamydomonas. The PFO of Psalteriomonas lanterna branches with the enzymes of 
Trichomonas vaginalis and Blastocystis, but here is still some discussion regarding the intrinsic 
function of PFO (Lantsman, Tan et al. 2008) (Fig. 8). In Blastocystis3 which belongs to the 
Straminopila and which possesses a hydrogenosome-like organelle, two EST clusters encoding a 
PFO and a PNO (pyruvate:NADP+ oxidoreductase) were identified. Biochemical studies have so 
far provided only evidence for PNO activity (Lantsman, Tan et al. 2008).
Figure 8: Phylogenetic tree of the Pyruvate:ferredoxin oxidoreductase, computed by ML with WAG+4 discrete-rate 
G+I+F. Branch support values represent bootstrap values.
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Propionyl-CoA carboxylase (PCCB)
Propionyl-CoA carboxylase is a biotin dependent enzyme that catalyses the ATP dependent 
carboxylation of propionyl-CoA to D-methylmalonyl-CoA. It is involved in the metabolism of 
odd-chained fatty-acids, cholesterol and the essential amino acids threonine, methionine, valine 
and isoleucine (Jiang, Rao et al. 2005).
The PCC structure consists of two heterologous subunits, alpha and beta, encoded by PCCA and 
PCCB genes, respectively. The dodecamer enzyme complex is arranged in an alpha6beta6 
conformation (Schrick and Lingrel 2001).
PCC is involved in metazoan ubiquitous pathways; it has a patchy distribution among other 
Eukaryotes, suggesting multiple gene loss events (McGrath, Zufall et al. 2007; Ricard 2008) and 
it was included in our analysis, because of its location in the mitochondrial matrix and its pivotal 
metabolic role. The phylogenetic analysis shows a 100% bootstrap value for the clustering 
between Psalteriomonas lanterna and Naegleria gruberi (Fig. 9), which is consistent with the 
results obtained with Hsp60 and points to a close relationship between Naegleria’s 
mitochondrion and Psalteriomonas’s hydrogenosome.
Figure 9: ML phylogenetic tree of Propionyl Co-A carboxylase (PCCB). Branch values are bootstrap support. 
This tree is rooted by 2 archaeal species, and was computed using a WAG+4 discrete-rate G+I model.
NADH: ubiquinone oxidoreductase 51 kDa subunit (Complex I -ndufv1/NuoF)
NADH: ubiquinone oxidoreductase, commonly known as mitochondrial Complex I, is the largest 
of the five OXPHOS complexes present in the mitochondrial membrane of aerobic organisms, 
comprising 45 proteins in human (Gabaldon, Rainey et al. 2005). This protein complex can be 
divided into 3 functional modules: the dehydrogenase module which is responsible for the 
oxidation of NADH, the hydrogenase module that shuttles the released electrons, and finally, the
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transporter module, which pumps protons across the mitochondrial membrane (Vogel, Smeitink 
et al. 2007). The 51 kDa subunit, encoded by the ndufv1/nuoF nuclear gene, is an essential part 
of the dehydrogenase module because it carries the NADH binding site. Also it binds two co­
factors: flavin mononucleotide (FMN) which is an electron carrier molecule that acts as a 
hydrogen acceptor and one 4Fe-4S cluster, which captures the electrons released from the 
NADH oxidation (Schuelke, Smeitink et al. 1999). Despite its role in mitochondrial Complex I, 
this protein has been found in the absence of most of the remaining proteins of this complex in at 
least two organisms: Trichomonas vaginalis (Hrdy, Hirt et al. 2004) and Schizosaccharomyces 
pombe (Gabaldon, Rainey et al. 2005), where it is believed to bind and oxidize NADH, 
potentially functioning as a diaphorase for the hydrogenase. Once again, the link between 
Psalteriomonas and Trichomonas is present in this phylogeny, showing also that the 51 kDa of 
Psalteriomonas belongs to the cluster of mitochondrial and alpha-proteobacterial enzymes (Fig. 
10).
Figure 10: NADH:ubiquinone oxidoreductase 51 kDa subunit ML phylogeny with bootstrap values indicated in the 
branches, and computed using a WAG+4 discrete-rate G.
G lutam ate dehydrogenase (GDH)
Glutamate dehydrogenase (GDH) is a mitochondrial enzyme widely distributed in the three 
domains of life. It catalyzes the reversible oxidative deamination of glutamate to 2-oxoglutarate
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and ammonia, using either NAD or NADP as a co-factor. This enzyme is classified in three basic 
types, according to its co-factor specificity: the NAD specific, the NADP specific and the dual 
enzyme which accepts either of these. These enzymes are homopolymeres, commonly composed 
by two to six subunits (Frigerio, Casimir et al. 2008). While multicellular eukaryotes present 
only the dual enzyme, fungi have both co-factor specific enzymes and protists possess any 
combination of dual and specific GDHs (Andersson and Roger 2003). The phylogenetic analysis 
clusters Psalteriomonas within the Ciona, Spironucleus and Giardia branch (Fig. 11). The 
position of N. gruberi relative to that of Psalteriomonas is at odds with their relation observed in 
the PCCB and the Hsp60 phylogeny. Glutamate dehydrogenases show evidence of frequent 
lateral gene transfer (Andersson and Roger 2003), providing an explanation for this 
inconsistency.
Figure 11: Phylogenetic tree of the Glutamate dehydrogenase computed by ML with a RtREV+4 discrete-rate 
G+I+F. Branches show the bootstrap support values.
Conclusions
The hydrogenosomes of Psalteriomonas lanterna are morphologically similar to the 
mitochondria of its relatives, the aerobic Heterolobosea, if one ignores the absence of cristae in 
Psalteriomonas lanterna. This becomes evident from their shape, the double membrane, which 
bounds both types of hydrogenosomes of Psalteriomonas lanterna, and the cisterns of rough ER
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that surround the cytoplasmic forms of the hydrogenosomes. This is characteristic for the 
mitochondria of the aerobic Heterolobosea, which, in contrast to the hydrogenosomes of 
Psalteriomonas lanterna, possess full-fledged cristae. However, there are no reports that the 
mitochondria of the aerobic Heterolobosea can form stacks like the hydrogenosomes of P. 
lanterna.
Mitochondrion Mitosome Hydrogenosome
Hsa Sce Tth Pte Pfa Ngr Lma Cpa Ecu Gla Ehi Tva Nov Pla Nfr
EF1-alpha Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y
Hsp60 Y Y Y Y Y Y Y Y N Y Y Y Y Y Y
AAC Y Y Y Y Y Y Y Y Y* N Y* Y* Y Y* Y
[FeFe]hydrogen. N N N N N Y N N N Y Y Y Y Y Y
PFO N N N N N N N Y* N Y Y Y N Y N
PCCB Y N Y Y N Y Y N N N N N - Y -
51 kDa Y N Y Y N Y Y N N N N Y Y Y -
GDH Y Y Y Y Y Y Y N N Y Y Y Y Y -
Table 1: Presence of hydrogenosomal genes of P. lanterna in various genomes
Hsa: Homo sapiens, Sce: Saccharomyces cerevisiae, Tth: Tetrahymena thermophila, Pte: Paramecium tetraurelia, 
Pfa: Plasmodium falciparum, Ngr: Naegleria gruberi, Lma: Leishmania major, Cpa: Cryptosporidium parvum, Ecu: 
Encephalitozoon cuniculi, Gla: Giardia lamblia, Ehi: Entamoeba histolytica, Tva: Trichomonas vaginalis, Nov: 
Nyctotherus ovalis*; Pla: Psalteriomonas lanterna*, Nfr: Neocallimastix frontalis*.
Y: present, N: absent, Y*: alternative protein, -: not known; *: no complete genome
The molecular data, which are summarized in Table 1, also support the similarity between the 
hydrogenosomes of P. lanterna and the mitochondria of the aerobic Heterolobosea since the 
mitochondrial proteins Hsp60 and Propionyl-CoA Carboxylase B of Psalteriomonas lanterna are 
closely related to their homologues of Naegleria gruberi. The close phylogenetic relationship 
between Psalteriomonas lanterna and Naegleria gruberi had also been shown by the analysis of 
the 18S rRNA (Weekers, Kleyn et al. 1997).
The presence of a PFO, a [FeFe]hydrogenase, a putative alternative ADP/ATP translocator and 
the 51kD subunit of mitochondrial complex I are characteristic hallmarks of a hydrogenosomal 
metabolism resembling that of Trichomonas vaginalis and Trimastix pyriformis (Carlton, Hirt et 
al. 2007; Hampl, Silberman et al. 2008). However, this is the first report of a PFO in a 
hydrogenosome that is clearly derived from an aerobic mitochondrion. This allows the 
development of a rudimentary metabolic scheme (Figure 12). The decarboxylation of pyruvate
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by PFO yields electrons, which analogous to the situation in Trichomonas (Carlton, Hirt et al.
2007) requires a ferredoxin like protein similar to the one described earlier (Brul, Veltman et al. 
1994). However, Blast analysis of the published ferredoxin sequence fails to reveal homologies 
with well-characterized ferredoxins. Moreover, the AT content of the gene is dramatically lower 
than that of other genes analysed in this study. Finally, an analysis of the codon usage with the 
aid of a principal component analysis clearly excludes the published ferredoxin sequence from 
the cluster of Psalteriomonas genes (not shown). Therefore, it is very unlikely that the published 
sequence is a Psalteriomonas ferredoxin, and, consequently, a genuine ferredoxin of P. lanterna 
still awaits detection.
Consequently, the transfer of the electrons from the PFO to the hydrogenase in our scheme (Fig. 
12) remains unclear. It is possible that the 51 KDa protein might be involved since it can 
function as a diaphorase (Dyall, Yan et al. 2004; Hrdy, Hirt et al. 2004; Carlton, Hirt et al. 2007).
Figure 12: Rudimentary metabolic scheme of the hydrogenosomes of P. lanterna.
In conclusion, both the morphology of the hydrogenosomes and the molecular data strongly 
support the interpretation that the hydrogenosomes of Psalteriomonas lanterna and the 
mitochondria of the aerobic Heterolobosea share a common ancestor. The hydrogenosomes of 
Trichomonas are metabolically similar, but morphologically distinct, and they represent a 
peculiar type of hydrogenosome that lacks related mitochondrial relatives. Also the 
hydrogenosomes of ciliates and chytridiomycete fungi are different. And since the 
hydrogenosomes of the ciliate Nyctotherus ovalis share a common ancestry with ciliate 
mitochondria, while the hydrogenosomes of the anaerobic chytrids Neocallimastix and 
Piromyces share an ancestry with fungal mitochondria, our study provides a new example of the
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evolution of a hydrogenosome from an aerobic relative (Hackstein, Tjaden et al. 2006), and the 
first example of a Trichomonas-like hydrogenosome from an aerobic mitochondrion.
Methods 
Cultivation of Psalteriomonas lanterna:
Psalteriomonas lanterna was isolated from anoxic sediment from a sedimentation pond of a 
waste water treatment plant near Nijmegen about 20 years ago and cultured since then as a 
polyxenic culture. Bottles of 100 ml, 250 ml, 500 ml and 1000 ml were filled to 40% with 5 mM 
phosphate buffer (pH 6.8), 0.1 mM cysteine-HCl, 1 ml/l Pfennigs metal solution, 0.025% 
proteose pepton and Resazurine (50 pM w/v). The bottles were stoppered with butyl-rubber 
stoppers, evacuated, flushed with N 2 and filled with this gas until a final pressure of 1.5 Bar. 
These bottles were sterilized and inoculated with Psalteriomonas lanterna cells. Oxygen was 
added until a final concentration of 1%. Twice a week bottles were checked; if  they were 
completely anaerobic, oxygen was added up to 1%. The bottles were stored at 22°C and exposed 
to light every day for several hours.
Generation of the EST library
Cells were harvested by centrifugation at room temperature in 50 ml glass tubes in a Hettich 
centrifuge for 5 minutes at 2000 r.p.m.. The supernatant was removed and the cell pellet was 
immediately dissolved in 8M guanidiniumchloride (final concentration 6M). RNA was isolated 
and cleaned with the RNeasy Kit (Qiagen). The cDNA was created with the "SMART"- 
technology (BD Biosciences). The produced cDNA was amplified. Then the cDNA was 
restricted with Sfi I and size fractionated (fraction 1-2.5 kb and >2.5 kb).The DNA fragments 
were cloned site-directed. For the transformation we used competent E. coli DH10B cells. The 
library was generated by Genterprise, Mainz, Germany. About 480 randomly chosen clones were 
sequenced and analyzed using the BLAST X tool (Altschul, Madden et al. 1997). The A+T 
content was calculated, and clones with an A+T content of approximately 67-72% were regarded 
as derived from Psalteriomonas lanterna. The EST sequences varied largely in length and, in 
general, were incomplete.
Generation of full-length cDNA
The sequence of the [FeFe] hydrogenase was nearly completed to the N- and C-terminal ends 
starting from the H-cluster (that was sequenced earlier (Voncken, Boxma et al. 2002)). Total 
RNA was isolated from Psalteriomonas cells using the RNeasy kit (Qiagen) according to the 
manufacturer’s manual and subsequently, cDNA was generated using SuperScript (Invitrogen) 
and an anchored oligo-d(T) primer. Alternatively, SMART RNA amplification (Clontech) was 
used to generate (near) full-length cDNA sequences from all genes discussed here except 51kDa.
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Electron microscopy
The electron microscopic preparations followed a modified Karnovsky procedure (4% 
paraformaldehyde and 5% glutardialdehyde in phosphate buffer pH 7.2). For postfixation, the 
OsO4/K3Fe(CN)6 method of Hepler (Hepler 1981) was applied. En block staining was performed 
with 2% uranyl acetate. After embedding in Epon 812 (Luft 1961), sections were made on a 
Reichert Om U2 ultramicrotome, stained with lead citrate and uranyl acetate, and examined in a 
Zeiss 109 T electron microscope.
Sequence data retrieval and alignment
The longest ORF from the conceptual translation (universal genetic code) of the ESTs of 
Psalteriomonas was obtained for each gene using Expasy’s Translate tool 
(www.expasy.org/tools/dna.html). The genes received the following GenBank accession 
numbers: 51kd: GQ924927, ADP/ATP carrier: GQ924928, PCCB: GQ924929, hydrogenase: 
GQ924930, PFO: GQ924931, elongation factor alpha: GQ924932, Hsp60: GQ924933, and 
Glutamate dehydrogenase GQ924934. Its homologous protein sequences were retrieved from 
GenBank nr database, using PsiBLAST (Altschul, Madden et al. 1997) with 0.005 e-value cut­
off and after three iterations. Sequences from Naegleria gruberi were collected from its genome 
project webpage (http://genome.jgi-psf.org/Naegr1/Naegr1.home.html). Sequences were aligned 
with ClustalW (version 1.83) (Thompson, Higgins et al. 1994), and manually inspected and 
refined.
Construction of phylogenetic trees
Given the large number of sequences retrieved by homology search, a restricted number of taxa, 
representing the major Eukaryotic branches, were selected to integrate the phylogenetic study. In 
order to facilitate this selection, a preliminary analysis of the complete dataset was carried out by 
inspecting the global topology of 1000 times bootstrapped Neighbour-Joining trees, computed 
with ClustalW (Thompson, Higgins et al. 1994). When possible, a small outgroup of prokaryotic 
sequences was included to root the trees. After the careful selection of the final dataset, we 
pursued to select the best-fit model of amino acid replacement, according to the Akaike 
Information Criterion (AIC) as implemented in the ProtTest (version 2.2) software (Abascal, 
Zardoya et al. 2005). Maximum Likelihood (ML) phylogenies were computed with PhyML 
(version 2.4.4) (Guindon and Gascuel 2003), using the model previously chosen. (For the 
detailed description of the model and parameters used for each phylogenetic inference, including 
the matrix of aa substitution; number of Gamma discrete rate-categories (+G); proportion of 
invariable sites (+I) and observed amino acid frequencies (+F), see figure captions). A bootstrap 
analysis was conducted with 100 samples for each protein.
Codon Usage and Principle Component Analysis
In order to rule out the presence of contaminants in the EST set, we performed a codon usage 
analysis using the Cusp program from the EMBOSS package (version 6.0.1) (Rice, Longden et
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al. 2000). We also included in our analysis the ferredoxin sequence previously published by Brul 
et al. (Brul, Veltman et al. 1994) to analyse whether it is of Psalteriomonas origin or not. A 
principle component analysis was conducted using the prcomp function of the R package (R 
Development Core Team, 2008).
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Chapter 7
Summary and discussion
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In 1967 Lynn Margulis published a landmark paper in modern biology (Sagan 1967) that 
described the origin of the eukaryotic cell by the endosymbiosis of the progenitors of 
mitochondria and chloroplasts. By phylogenetic analysis of their organellar genomes, it soon 
became clear that mitochondria descended from a-proteobacteria like Rickettsia, while 
chloroplasts derived from cyanobacteria. Since then other mitochondrion-related organelles, i.e. 
hydrogenosomes and mitosomes, were identified in single-celled, anaerobic eukaryotes. 
However, these organelles lacked, in contrast to mitochondria and chloroplasts, an organellar 
genome. This absence of an organellar genome in hydrogenosomes and mitosomes made 
phylogenetic positioning difficult.
This thesis focuses on the evolution of hydrogenosomes with special attention to the 
hydrogenosomes in the anaerobic ciliate Nyctotherus ovalis. This ciliate, which thrives in the 
hindgut of certain cockroach species, possesses hydrogenosomes with a mitochondrial genome 
providing an evolutionary link between mitochondria and hydrogenosomes. Thus far, this 
organellar genome could only be compared with those of distantly related genomes of aerobic 
ciliates such as Tetrahymena spp. and Paramecium aurelia. Therefore, we decided to sequence 
and analyze the mitochondrial genomes of more closely related aerobic relatives of N. ovalis, i.e. 
Euplotes crassus and Euplotes minuta.
The analysis of these mitochondrial genomes, described in chapter 2, show that the 
mitochondrial genes are tightly packed and that their gene content is comparable with those of 
Tetrahymena spp. and Paramecium aurelia. However, the gene order that is almost identical 
between Tetrahymena spp. and Paramecium aurelia, is completely different in Euplotes. Several 
mitochondrial genes harbour 5’extensions, and the cox 1 and cox 2 open reading frames reach 
extreme lengths. A large repeat, located almost in the middle of the linear mitochondrial genome 
of Euplotes, seems to play a role in transcription because the genes are transcribed away from 
this repeat towards the ends of the genome. While there are 13 mitochondrial encoded 
unidentified open reading frames that are conserved between Tetrahymena spp. and Paramecium 
aurelia, only one of these could be shown to be homologous to a gene in the Euplotes 
mitochondrial genome. Another interesting result is the identification of potential import signals 
and the corresponding cleavage sites in almost all mitochondrion encoded ribosomal proteins of 
both Euplotes species. It is remarkable that these signals were identified in mitochondrial genes 
that encode mitochondrial proteins. More research will be necessary to elucidate this 
phenomenon that has also been observed in the mitochondrial genome of Arabidopsis thaliana 
and Oryza sativa (Ueda, Fujimoto et al. 2008). Sequencing and analyzing the mitochondrial 
genome of Euplotes provided a glimpse of the enormous diversity in mitochondrial genomes in 
the large group of ciliates. It helped us to understand the elusive hydrogen producing anaerobic 
mitochondria of the ciliate Nyctotherus ovalis since it provided us with genome information from 
a relatively closely related ciliate. The mitochondrial genome and metabolism of the 
hydrogenosomes of N. ovalis has been described in chapters 3 and 4. Preliminary results
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presented in chapter 3 already showed that a 14 Kb piece of the organellar genome of N. ovalis 
contained several typical mitochondrial genes. Using a video-rate confocal microscope in 
combination with inhibitors of mitochondrial Complex I, III and IV of the electron transport 
chain revealed the functionality of Complex I, but also the absence of functional Complexes III, 
IV and a typical alternative terminal oxidase. Metabolic experiments with labelled glucose 
demonstrated the presence of the catabolic end products acetate, lactate, succinate and small 
amounts of ethanol substantiating the activity of a fumarate reducing Complex II. Significant 
amounts of CO2 were only identified when uniformly labelled glucose was used. This indicated 
an incomplete TCA cycle. The hydrogenosomes of N. ovalis possess cristae-like structures as are 
normally found in mitochondria but not in hydrogenosomes. In addition, staining with ethidium 
bromide confirmed the presence of a genome in the hydrogenosomes. Furthermore, in 2005 a 
limited set of gDNA and cDNA sequences was shown (chapter 3) to indicate a significant 
number of genes involved in a typical mitochondrial metabolism. This set of genes was extended 
to more than 9000 gDNA and cDNA sequences, and with this information we were able to 
reconstruct a hypothetical hydrogenosomal metabolism that is described in chapter 4. This 
hydrogenosomal metabolism resembles a mitochondrial one. Twelve genes encoding complex I 
and two encoding complex II, a complete PDH complex, a ROS defense system, a glycine 
cleavage system, genes encoding several enzymes of the organellar amino acid metabolism and a 
few genes involved in fatty acid metabolism were identified. In addition, genes encoding 
proteins of the mitochondrial import and processing machinery, genes coding for components of 
mitochondrial protein synthesis and division, and even two genes without a known molecular 
function that are linked to mitochondrial disease in man (MPV17 and ACN9) were identified. 
Notably, genes encoding components of Complex III, IV, and V of the electron transport chain 
are lacking, confirming the results of the experiments performed with inhibitors of these 
Complexes as described in chapter 3. In addition, we found several genes obtained by horizontal 
gene transfer (e.g. a hydrogenase) that are key-enzymes in the adaptation to an anaerobic 
environment. The size of the organellar genome of N. ovalis was determined with Pulsed Field 
Gel electrophoresis to be above 48 Kb of which 41666bp were sequenced. The linear organellar 
genome possesses a set of mitochondrial genes that is more or less similar to the set of genes 
found in the mitochondrial genomes of other ciliates with exception of the above mentioned 
genes. All genes on the organellar genome are transcribed in the same direction and a complex 
repeat unit in the middle of the organellar genome seems not to play a role in transcription as in 
the mitochondrial genome of Euplotes. Most remarkable is a large string of unidentified open 
reading frames of around 11 Kb. We speculated that these orfs might contain remnants of the 
missing Complexes III, IV and V genes. However, bioinformatic analysis did not allow us to 
identify any of them. Notably, we were able to identify a gene encoding cytochrome c1 in the 
macronuclear genome, a protein that normally functions as an electron transporter between 
Complex III and IV of the electron transport chain. This gene is very well conserved except for 
two cysteins that are lacking; normally these cysteins bind the haeme group rendering the protein 
not functional in electron transport. We cannot exclude completely that the cytochrome c1 gene
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is a pseudogene. In this case, however, it is surprizing how well it is conserved and that the few 
base substitutions affect just the haeme binding.
The structure of the macronuclear genome of N. ovalis has been described and discussed in 
chapter 5 of this thesis. Genes in the macronucleus are present as gene-sized-chromosomes 
capped with telomeres that consist of repeats identical to those identified in spirotrichous ciliates 
such as Euplotes and Oxytricha. This chromosome organization easily allows a reconstruction of 
complete genes from gene fragments. This method has been used routinely in the course of this 
study. The gene-sized-chromosomes have small subtelomeric regions and possess tiny introns. In 
each sequenced chromosome a single protein, a single tRNA or a complete ribosomal RNA 
cluster was identified. Hence, each macronuclear chromosome appeared to encode for a single 
transcript. In the subtelomeric regions a few overrepresented motifs were identified that could 
play a role in gene regulation but no polyadenylation site could be found. Of the short introns 
(21-29bp in length) 33% are conserved in the distantly related ciliate Paramecium aurelia 
indicating their ancient origin.
In the last chapter (6) the hydrogenosomes of a completely different organism, the 
microaerophylic amoeboflagellate Psalteriomonas lanterna, have been analyzed and described. 
P. lanterna belongs to the taxon Heterolobosea that consists predominantly of aerobic 
mitochondriate organisms. It is rather unrelated to other taxa with hydrogenosomes. An electron 
microscope study shows that a large globule in the cell consists of stacks of some 20 
hydrogenosomes, while single hydrogenosomes are present in the periphery of the cell. None of 
these organelles appears to possess an organellar genome. The single organelles had been 
described in the literature as “modified mitochondria”, but our study identified them as a 
different morph of hydrogenosome. Genes from a preliminary EST study (Hsp60, Propionyl- 
CoA carboxylase) were selected to investigate the phylogenetic position of P. lanterna. This 
revealed a position among the aerobic Heterolobosea with a close relationship to Naegleria 
gruberi. Furthermore some mitochondrial/hydrogenosomal hallmark proteins were identified: 
Hsp60, PFO, AAC, mitochondrial Complex I subunit (51KDa) and an [FeFe]-hydrogenase. The 
EST study suggests that these hydrogenosomes are physiologically similar to those of 
Trichomonas vaginalis and Trimastix pyriformis and phylogenetically closely related to the 
mitochondria of the aerobic heterolobsean amoeboflagellate Naegleria gruberi. The 
hydrogenosomes of P. lanterna must have evolved from a mitochondriate aerobic 
heterolobosean progenitor independently from the hydrogenosomes of N. ovalis and any other 
hydrogenosome known so far.
One of the intriguing questions that remain is: Why did N. ovalis (and Blastocystis spp.) retain a 
genome? Why is this not the case in other eukaryotic organisms with hydrogenosomes like 
Trichomonas vaginalis or Psalteriomonas lanternae?
A popular hypothesis that gives a possible explanation for the presence of a mitochondrial 
genome is that some genes encode highly hydrophobic proteins that are difficult to import across
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the mitochondrial membranes. The two protein encoding genes in all sequenced mitochondrial 
genomes that are always present are cox I and cob, and exactly these are the most hydrophobic 
proteins present in mitochondria (Claros, Perea et al. 1995). Direct experimental evidence 
showed that reduction of hydrophobicity was essential for the rare transfer event for the 
cytochrome c oxidase subunit 2 in legumes (Daley, Clifton et al. 2002). Another example of 
hydrophobicity reduction is found in Chlamydomonas were transfer of cox2, cox3 and atp6 genes 
occurred in combination with reduced hydrophobicity in transmembrane regions (Perez- 
Martinez, Vazquez-Acevedo et al. 2000; Perez-Martinez, Antaramian et al. 2001; Funes, 
Davidson et al. 2002). A second hypothesis that must be mentioned here is the possible toxicity 
of some mitochondrial encoded proteins when present in the cytosol (Martin and 
Schnarrenberger 1997). This also could be a good reason for keeping some genes encoded on the 
organellar genome as examplified by the mitochondrial genome of Plasmodium falciparum 
where the cob gene and two cox genes are retainend as the only protein-encoding genes of the 
tiny organelle genome. Both of the above mentioned hypotheses are not valid in the case of N. 
ovalis or Blastocystis because both do not possess mitochondrial complex III, IV and V genes 
anymore. Does this mean that we are dealing here with a beginning transfer of the complete 
mitochondrial genome to the nucleus? If the hypotheses discussed above cannot explain why 
mitochondrial genomes still exist, then it is possible that the remaining mitochondrial genome in 
N. ovalis and Blastocystis will disappear within a limited time.
However, another hypothesis that has to be mentioned here is the CORR hypothesis (co-location 
for redox regulation (Allen 2003)). This hypothesis states that chloroplasts and mitochondria 
retain those genes (located on an organellar genome) whose expression is required to be under 
direct regulatory control of the redox state of their gene products, or the electron carriers with 
which their gene-products interact. In N. ovalis and Blastocystis the presence of an active 
mitochondrial Complex I might still require redox regulation notwithstanding that Complex III 
and IV are lacking. Therefore, an organellar genome is retained in both organisms according to 
the CORR hypothesis.
The research presented in this thesis indicates that one of the first steps of adaptation of aerobic 
protists to an anaerobic environment is the evolution of a fumarate respiration by a reversion of 
action of the succinate dehydrogenase and the acquisition of a hydrogenase followed by the loss 
of Complex III, IV and V genes. That such an event is not specific for the ciliate N. ovalis is 
underlined by the recently presented study of the straminopile Blastocystis which (most likely) 
also performes a fumarate respiration, just as quite a number of anaerobic mitochondria of 
certain unicellular and multicellular organisms (Tielens, Rotte et al. 2002). The analysis of the 
complete genome of Naegleria gruberi, that has recently been sequenced (Fritz-Laylin, Prochnik 
et al. 2010), showed that this could be another example of a first step to anaerobic adaptation. 
Neagleria possesses an organelle that can function like a “normal” mitochondrion under aerobic 
conditions with the potential for a fumarate respiration under anaerobic conditions. Notably, this 
organism also possesses a FeFe-hydrogenase, closely related to that of Psalteriomonas, which
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functions under anaerobic/microaerobic conditions. The presence of a set of genes obtained by 
horizontal gene transfer in N. ovalis seems to be a logical consequence to obtain an organelle 
with adaptations to anaerobic environments.
A possible scenario for eukaryotes with a textbook mitochondrial genome and metabolism to 
evolve to eukaryotes with hydrogenosomes/mitosomes could be as follows:
1. Reverse action of the TCA cycle (fumarate respiration) (as shown in N. gruberi and a 
number of other anaerobic mitochondria (Tielens, Rotte et al. 2002))
2. Recruitment of a hydrogenase (like shown in N. gruberi)
3. Changing to a more anaerobic metabolism by obtaining specific genes by HGT
4. Loss of Complexes III, IV an V of the electron transport chain (as shown in N. ovalis and 
Blastocystis)
5. Loss of the remaining part of the organellar genome (as shown for example in 
Psalteriomonas and many other organisms with hydrogenosomes (Palmer 1997)).
In this thesis we have demonstrated that the hydrogenosomes of Nyctotherus ovalis form an 
evolutionary link between ciliate mitochondria and hydrogenosomes. We have shown that 
hydrogenosomes evolved several times from different aerobic progenitors. The eukaryotic cell is 
clearly characterized by the presence of a mitochondrion that has the capacity to adapt to 
anaerobic environments by reductive evolution to yield hydrogenosomes and mitosomes.
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Samenvatting en discussie
In 1967 publiceerde Lynn Margulis een baanbrekend artikel (Sagan 1967) voor de hedendaagse 
biologie, waarin de oorsprong van de eukaryote cel beschreven wordt door de endosymbiose van 
de voorouders van mitochondriën en chloroplasten. Door fylogenetische analyses van hun 
organellaire genomen werd snel duidelijk dat mitochondriën afstammen van a-proteobacteriën, 
zoals Rickettsia, terwijl chloroplasten afstammen van cyanobacteriën. Sindsdien zijn andere aan 
mitochondriën gerelateerde organellen zoals hydrogenosomen en mitosomen ontdekt in 
eencellige anaerobe eukaryoten. Echter, in deze organellen ontbreekt, in tegenstelling tot in 
mitochondriën en chloroplasten, een organellair genoom. De afwezigheid van een organellair 
genoom in hydrogenosomen en mitosomen maakt de fylogenetische positionering 
gecompliceerd.
In dit proefschrift staat de evolutie van hydrogenosomen centraal, met speciale aandacht voor de 
hydrogenosomen in de anaerobe ciliaat Nyctotherus ovalis. Deze ciliaat, die voorkomt in de 
achterdarm van verschillende kakkerlak soorten, bezit hydrogenosomen met een mitochondrieel 
genoom waardoor deze een evolutionaire link vormt tussen mitochondria en hydrogenosomen. 
Dit organellaire genoom kon tot nu toe alleen vergeleken worden met de veel minder verwante 
mitochondriële genomen van de aerobe ciliaten Tetrahymena spp. en Paramecium aurelia. 
Daarom hebben we besloten de mitochondriële genomen van de veel nauwer verwante aerobe 
ciliaten Euplotes crassus en Euplotes minuta te sequencen en analyseren.
De analyse van deze mitochondriële genomen, beschreven in hoofdstuk 2 van dit proefschrift, 
laat zien dat de mitochondriële genen dicht tegen elkaar zitten en dat dezelfde genen voorkomen 
als in de ciliaten Tetrahymena spp. en Paramecium aurelia. Echter de genvolgorde, die tussen 
Tetrahymena spp. en Paramecium aurelia bijna identiek is, blijkt bij Euplotes totaal verschillend 
te zijn. Verschillende mitochondriële genen blijken 5’-extensies te bevatten, en de cox 1 en cox 2 
open reading frames bereiken extreme lengtes. Een lange repeat-eenheid, die zich ongeveer in 
het midden van het mitochondriële genoom van Euplotes bevindt, lijkt een rol te spelen in 
transcriptie omdat de genen getranscribeerd worden vanuit deze repeat naar de uiteinden van het 
genoom. Hoewel er 13 mitochondrieel gecodeerde, niet geïdentificeerde open reading frames 
gevonden zijn die geconserveerd zijn tussen Tetrahymena spp. en Paramecium aurelia bleek 
hiervan slechts 1 homoloog te zijn aan een gen in Euplotes. Een ander interessant resultaat is de 
identificatie van potentiële import signalen en de corresponderende “cleavage sites” in bijna alle 
mitochondrieel gecodeerde ribosomale eiwitten. Het is opmerkelijk dat deze signalen gevonden 
werden in mitochondriële eiwitten gecodeerd door genen gelocaliseerd op het mitochondriële 
genoom. Meer onderzoek is nodig voor opheldering van dit verschijnsel dat ook is waargenomen 
in de mitochondriële genomen van Arabidopsis thaliana en Oryza sativa (Ueda, Fujimoto et al.
2008). Het in kaart brengen en analyseren van het mitochondriele genoom van Euplotes geeft 
een eerste inzicht in de enorme diversiteit aan mitochondriële genomen die er bestaat in de grote 
groep der ciliaten. Het hielp ons om de waterstof producerende mitochondriën van de anaerobe
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ciliaat Nyctotherus ovalis beter te begrijpen door middel van de verkregen genoom informatie 
van een relatief nauw verwante ciliaat. Het mitochondriële genoom en het metabolisme van N. 
ovalis wordt beschreven in de hoofdstukken 3 en 4. De eerste resultaten, die gepresenteerd 
worden in hoofdstuk 3, lieten al zien dat op een 14 Kb stuk van het organellaire genoom van N. 
ovalis verschillende typisch mitochondriële genen gelocaliseerd waren. Met behulp van een 
“video-rate confocal microscope” in combinatie met remmers op de mitochondriële Complexen
I, III en IV van de electronen transport keten werd een functioneel Complex I zichtbaar, maar 
ook de afwezigheid van functionele Complexen III en IV en een typische alternatieve “terminal 
oxidase”. Metabole experimenten met gelabeld glucose lieten de catabolische eindprodukten 
acetaat, lactaat, succinaat en kleine hoeveelheden ethanol zien waarmee de activiteit van een 
fumaraat reducerend Complex II werd aangetoond. Significante hoeveelheden CO2 werden 
alleen aangetoond wanneer uniform gelabeld glucose gebruikt werd. Dit wijst op een incomplete 
citroenzuurcyclus. De hydrogenosomen van N. ovalis bezitten cristae achtige structuren die 
normaal alleen in mitochondriën maar niet in hydrogenosomen gevonden worden. Daar komt 
nog bij dat door een kleuring met ethidiumbromide de aanwezigheid van een genoom 
aangetoond werd. Verder werd in 2005 al een beperkte set gDNA en cDNA sequenties 
gepresenteerd die genen bevat die een rol spelen in een typisch mitochondrieel metabolisme. 
Deze set genen werd uitgebreid door het sequencen van meer dan 9000 gDNA en cDNA klonen 
en leverde ons voldoende informatie op om een hypothetisch hydrogenosomaal metabolisme te 
reconstrueren dat wordt beschreven in hoofdstuk 4. Dit hydrogenosomaal metabolisme lijkt op 
een mitochondrieel metabolisme. Twaalf genen die coderen voor Complex I, 2 coderend voor 
Complex II, een compleet pyruvaatdehydrogenase (PDH) complex, een ROS defence systeem, 
een Glycine Cleavage System, genen coderend voor verschillende enzymen voor het organellaire 
aminozuur metabolisme en een aantal genen betrokken bij het vetzuur metabolisme werden 
geïdentificeerd. In aanvulling hierop werden een aantal genen geidentificeerd coderend voor 
eiwitten die onderdeel uitmaken van de mitochondriële import en processing machinery, genen 
coderend voor eiwit synthese en deling, en zelfs 2 genen zonder een bekende moleculaire functie 
maar die gekoppeld zijn aan mitochondriële ziekten bij de mens (MPV17 en ACN9). Genen 
coderend voor de mitochondriële Complexen III, IV en V blijken te ontbreken waarmee de 
resultaten van experimenten met remmers op deze Complexen, beschreven in hoofdstuk 3, 
bevestigd worden. Verder vonden we verschillende genen die verkregen zijn door horizontal 
gene transfer (o.a. een hydrogenase) en die sleutel enzymen zijn in de aanpassing aan een 
anaerobe omgeving. Met behulp van pulsed field gel electroforese werd bepaald dat de grootte 
van het organellaire genoom meer dan 48 Kb bedraagt waarvan 41666bp gesequenced is. Het 
lineaire organellaire genoom bevat een set genen die ongeveer gelijk is aan de set genen die 
gevonden werd in het mitochondriële genoom van andere ciliaten met uitzondering van de 
hierboven genoemde genen. Alle genen op het mitochondriële genoom werden getranscribeerd in 
dezelfde richting. Een complexe repeat eenheid in het midden van het organellaire genoom lijkt 
dus geen rol te spelen in transcriptie zoals wel het geval is in het mitochondriële genoom van 
Euplotes. Een andere bijzonderheid betreft een rij van niet geidentificeerde open reading frames
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met een lengte van meer dan 11 Kb. We vermoeden dat deze orfs restanten zouden kunnen zijn 
van de missende Complex III, IV en V genen maar intensieve bioinformatische analyses leverde 
hiervoor geen bewijs op. Verder waren we in staat een macronucleair gen voor cytochrome cl te 
identificeren, een eiwit dat normaal functioneert als een electronen transporter tussen de 
Complexen III en IV van de eletronen transport keten. Dit gen is erg goed geconserveerd met 
uitzondering van twee cysteines die ontbreken. Normaal geproken binden deze cysteines aan de 
heme groep maar het ontbreken er van laat een eiwit over dat niet functioneert in 
electronentransport. We kunnen niet helemaal uitsluiten dat het cytochrome c1 gen een 
pseudogen is maar het is opmerkelijk hoe goed het eiwit is geconserveerd en dat de enkele base 
substituties precies de heme binding beïnvloeden.
De structuur van het macronucleaire genoom van N. ovalis wordt beschreven en besproken in 
hoofdstuk 5 van dit proefschrift. In de macronucleus zijn de genen aanwezig in de vorm van 
minichromosomen die slechts 1 gen bevatten en die aan de uiteinden beschermd worden door 
telomeren bestaande uit repeats die gelijk zijn aan die van spirotriche ciliaten zoals Euplotes en 
Oxytricha. Deze chromosoom organisatie maakt het eenvoudig om complete genen te 
reconstrueren van gen-fragmenten. Hiervan hebben we routinematig gebruik gemaakt in dit 
onderzoek. Deze minichromosomen bezitten korte subtelomere regio’s en kleine intronen. Ieder 
gesequenced chromosome bleek één enkel eiwit, één enkele tRNA of één complete ribosomale 
cluster te bevatten. Ieder macronuclear chromosome blijkt dus te coderen voor één transcript. In 
de sub telomere regionen zijn een paar veel voorkomende patronen/motieven gevonden die 
mogelijk een rol kunnen spelen in gen regulatie maar een poly-adenylation signaal werd niet 
gevonden. Van de kleine intronen (21-29bp in lengte) is 33% geconserveerd in de niet zo nauw 
verwante ciliaat Paramecium aurelia wat wijst op een “oude” oorsprong.
In het laatste hoofdstuk (6) worden de hydrogenosomen van een totaal ander organisme, de 
micro-aerofiele amoeboflagellaat Psalteriomonas lanterna, geanalyseerd en beschreven. P. 
lanterna behoord tot het taxon Heterolobosea dat hoofdzakelijk bestaat uit aerobe organismen 
met mitochondriën. Het is nauwelijks gerelateerd aan andere taxa met hydrogenosomen. Een 
electronmicroscopische studie laat zien dat een grote bol, die zich in de cel bevindt, bestaat uit 
stapels van een twintigtal hydrogenosomen terwijl in de omgeving ook losse (enkele) 
hydrogenosomen aanwezig zijn. Geen van deze organellen blijkt een genoom te bevatten. De 
enkele organellen zijn in de literatuur beschreven als “gemodificeerde mitochondriën” maar onze 
studie laat zien dat het verschillende morphologische typen hydrogenosomen zijn. Een aantal 
genen van een beperkte EST studie (Hsp60, Propionyl CoA carboxylase) werden geselecteerd 
om de phylogenetische positie van P. lanterna te bepalen. Het bleek dat P. lanterna te 
positioneren is tussen de aerobe Heterolobosea met een nauwe verwantschap met Naegleria 
gruberi. Tevens werden er enige mitochondrieel/hydrogenosomaal specifieke eiwitten 
geidentificeerd: Hsp60, PFO, AAC, een mitochondriële Complex I subunit (51KDa) en een 
[FeFe]-hydrogenase. Deze EST studie geeft aan dat deze hydrogenosomen fysiologisch lijken op 
de hydrogenosomen van Triochomonas vaginalis en Trimastix pyriformis en fylogenetisch nauw 
verwant zijn aan de mitochondriën van de aerobe heterolobsea amoeboflagellaat Naegleria
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gruberi. De hydrogenosomen van P. lanterna moeten geëvolueerd zijn uit een aerobe 
heterolobsean voorouder met mitochondriën en laat zien dat ze onafhankelijk van de 
hydrogenosomen van N. ovalis of, voor zover nu bekend, enige ander organisme met 
hydrogenosomen, zijn ontstaan.
Eén van de intrigerende vragen die blijft is: Waarom heeft N. ovalis (en Blastocystis spp.) een 
organellair genoom behouden? Waarom is dit niet het geval bij andere eukaryote organismen 
met hydrogenosomen zoals Trichomonas vaginalis en Psalteriomonas lanterna?
Een populaire hypothese die een mogelijke verklaring geeft voor de aanwezigheid van een 
mitochondrieel genoom suggereert dat sommige genen coderen voor sterk hydrofobe eiwitten die 
moeilijk te importeren zijn over de mitochondriële membranen. De twee eiwit coderende genen 
die in alle mitochondriële genomen altijd aanwezig zijn betreffen cox 1 en cob, en precies dit zijn 
de meest hydrofobe eiwitten aanwezig in mitochondriën (Claros, Perea et al. 1995). Direkt 
experimenteel bewijs in peulvruchten (legumes) laat zien dat reductie van hydrofobiciteit 
essentieel was voor de unieke verhuizing van het cox 2 gen naar de nucleus (Daley, Clifton et al. 
2002). Een ander voorbeeld van hydrofobiciteit reductie wordt gevonden in Chlamydomonas 
waar transfer van cox2, cox3 en atp6 heeft plaatsgevonden in combinatie met reductie van 
hydrofobiciteit in trans membraan regionen (Perez-Martinez, Vazquez-Acevedo et al. 2000; 
Perez-Martinez, Antaramian et al. 2001; Funes, Davidson et al. 2002). Een tweede hypothese die 
in dit verband genoemd dient te worden is de mogelijk giftigheid van sommige mitochondriële 
eiwitten wanneer deze in het cytosol terecht zouden komen (Martin and Schnarrenberger 1997). 
Dit zou ook een goede reden kunnen zijn om sommige eiwit coderende genen gelocaliseerd te 
houden op het organellaire genoom. Een voorbeeld hiervan zijn het cob gen en de twee cox 
genen die als enige eiwit coderende genen bewaard zijn op het mitochondriële genoom van 
Plasmodium falciparum. Beide bovengenoemde hypothesen zijn niet van toepassing in het geval 
van N. ovalis en Blastocystis omdat deze geen mitochondriële Complex III, IV of V genen meer 
bevatten. Betekend dit dat we hier te maken hebben met het begin van een complete transfer van 
het mitochondriële genoom naar de kern? Als de bovengenoemde hypothesen niet kunnen 
verklaren waarom deze mitochondriele genomen nog steeds bestaan dan is het mogelijk dat deze 
organellaire genomen in N. ovalis en Blastocystis binnen afzienbare tijd geheel zullen 
verdwijnen. Toch is er nog een andere hypothese die hier genoemd dient te worden: de CORR 
hypothese (co-location for redox regulation (Allen 2003)). Deze hypothese veronderstelt dat 
chloroplasten en mitochondriën alleen die genen behouden (op een organellair genoom) waarvan 
de regulatie van de expressie onder direkte invloed staat van de redox toestand van de eiwitten 
van deze genen, of van de elctronentransporters waarmee deze genen interactie aangaan. In N. 
ovalis en Blastocystis zou de aanwezigheid van een actief mitochondrieel Complex I redox 
regulatie kunnen vereisen ondanks de afwezigheid van Complex III en IV. Om deze reden zou 
dus ook een organellair genoom in beide organismen behouden kunnen zijn volgens de CORR 
hypothese.
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Het onderzoek gepresenteerd in dit proefschrift laat zien dat een van de eerste stappen in de 
adaptatie van aerobe organismen aan een anaerobe omgeving de ontwikkeling van een fumaraat 
respiratie is door het omkeren van de werking van het succinaat dehydrogenase. Gevolgd door 
het opnemen van een hydrogenase en verlies van Complex III, IV en V genen. Dat dit soort 
gebeurtenissen niet specifiek zijn voor de ciliaat N. ovalis wordt onderstreept door een recent 
gepubliceerde studie aan de stramenopile Blastocystis die (zeer waarschijnlijk) ook een fumaraat 
respiratie uitvoerd, net zoals een groot aantal eencellige en meercellige organismen met anaerobe 
mitochondriën (Tielens, Rotte et al. 2002). De analyse van het complete genoom van Naegleria 
gruberi, dat recentelijk gepubliseerd is (Fritz-Laylin, Prochnik et al. 2010), laat mogelijk een 
ander voorbeeld zien van een eerste stap in anaerobe adaptatie. Naegleria bevat een organel dat 
kan functioneren als een “normaal” mitochondrion onder aerobe condities met de mogelijkheid 
tot fumaraat respiratie onder anaerobe condities. Tevens blijkt dat dit organisme ook een FeFe- 
hydrogenase bevat dat sterk lijkt op dat van Psalteriomonas lanterna, dat functioneert onder 
anaerobe/microaerobe condities. De aanwezigheid van een set genen, verkregen door lateraal gen 
transer in N. ovalis, lijkt een logisch gevolg om zodoende een organel te verkrijgen dat aangepast 
is aan anaerobe omstandigheden.
Evolutie van eukaryoten met een tekstboek mitochondrieel genoom en metabolisme naar 
eukaryoten met hydrogenosomen/mitosomen zou als volgt kunnen hebben plaats gevonden:
1. Omkeren van de citroenzuurcyclus (fumaraat respiratie) (zoals aangetoond in N. gruberi
en een aantal andere anaerobe mtiochondriën (Tielens, Rotte et al. 2002)).
2. Opnemen van een hydrogenase (zoals aangetoond in N. gruberi ).
3. Omschakeling naar een meer anaeroob metabolisme door het opnemen van specifieke
genen d.m.v. lataraal gen transfer.
4. Verlies van Complex III, IV en V genen (zoals gesignaleerd in N. ovalis en Blastocystis).
5. Verlies van het resterende deel van het organellaire genoom (zoals het geval is in
bijvoorbeeld Psalteriomonas lanterna en vele andere organismen met hydrogenosomen
(Palmer 1997).
In dit proefschrift wordt aangetoond dat de hydrogenosomen van Nyctotherus ovalis een 
evolutionaire link vormen tussen mitochondriën en hydrogenosomen. We laten zien dat 
hydrogenosomen meerder keren ontstaan zijn uit verschillende aerobe voorouders. De eukaryote 
cel wordt duidelijk gekarakteriseerd door de aanwezigheid van een mitochondrion dat de 
mogelijkheid bezit om zich aan te passen aan anaerobe omstandigheden door reducerende 
evolutie, resulterend in hydrogenosomen en mitosomen.
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Dankwoord
Voordat ik hier een poging ga doen om iedereen die een bijdrage aan de totstandkoming van dit 
proefschrift heeft geleverd te bedanken, vind ik dit toch ook de uitgesproken plaats om uit te 
leggen waarom de wetenschap mij altijd gefascineerd heeft. Het begon voor mij waarschijnlijk 
op mijn achtste verjaardag, 16 juli 1969. Hoewel ik mij hiervan niets meer kan herinneren vond 
op die dag de lancering van Apollo 11 plaats gevolgd door de landing van de eerste mens op de 
maan op 21 juli 1969. Een gebeurtenis die ik me heel goed kan herinneren en waardoor bij mij, 
en waarschijnlijk bij een hele generatie, de interesse voor wetenschap en techniek gewekt werd. 
Slechts enige jaren later vertelde een enthousiaste leraar op de lagere school dat wetenschappers 
ontdekt hadden dat de complexe cellen waaruit ook de mens bestaat het resultaat zijn van het 
samengaan van verschillende bacteriën. Hoe kon ik ooit vermoeden dat ik bijna veertig jaar later 
een proefschrift zou afleveren dat sterk gerelateerd is aan deze ontdekking die we tegenwoordig 
de endosymbiose theorie noemen. Dan waren er natuurlijk ook nog mijn ouders die al snel 
doorkregen wat ik boeiend vond en voor mij op verjaardagen met cadeautjes als een scheikunde 
doos, een microscoop en een telescoop aan kwamen. Waarschijnlijk waren dit voor mij de juiste 
ingrediënten om verstrikt te raken in de wetenschap.
Omdat het een onmogelijke opgave is om een origineel dankwoord te schrijven zal ik dat dan 
ook niet proberen maar uiteraard hier wel de nodige mensen bedanken. In de eerste plaats 
Johannnes mijn begeleider en copromotor. Nadat je in 2000 je eigen werkgroep begon ontstond 
voor mij in 2001 de mogelijkheid om bij je  te komen werken. Daar hoefde ik niet lang over na te 
denken, we kenden elkaar immers al uit de Genetica tijd waar je altijd heel gedreven met de 
vliegen bezig was. Ik waardeer het zeer dat je  me de mogelijkheid hebt geboden om een 
promotieonderzoek te verrichten en wil je oprecht bedanken voor je hulp en steun. Onder jouw 
leiding ben ik zelfs het schrijven van artikelen leuk gaan vinden. Ik hoop dat we ook in de 
toekomst nog regelmatig contact houden en dat ik je van tijd tot tijd als vraagbaak mag 
gebruiken.
Theo...tja....w at had ik zonder jouw hulp moeten doen. Je leerde me snel de moleculaire 
biologie weer te ontdekken (was na de genetica tijd uit mijn hoofd verbannen). Wie vindt het zo 
leuk als jij om de kakkerlakken te mogen voeren? Generaties van Psalteriomonas te mogen 
kweken? Al die sequenties oppoetsen en blasten? En hoe had ik zonder jou al die studenten en 
stagiaires moeten begeleiden? Johannes zijn enthousiasme bij het aannemen van studenten en 
stagiaires kende vaak geen grenzen en het is dan ook regelmatig voorgekomen dat we samen 
meer dan 10 studenten/stagiaires moesten begeleiden. Het is jammer dat die kaartjes automaat er 
nooit is gekomen maar het was hartstikke leuk. Ik had me ook geen geschiktere paranimf voor 
kunnen stellen. Martijn ik stel het zeer op prijs dat je mijn promotor wil zijn en wil je bedanken 
voor al je ondersteuning. Ondanks dat we geen dagelijks persoonlijk contact hadden reageerde je 
altijd zeer snel op mijn mailtjes. Jan je was voor mij een inspirator in het onderzoek. Als we het 
even niet meer wisten wist jij altijd wel een moleculaire uitweg (kronkel) te bedenken. Maar ook
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de kleine dingen waren zeer waardevol. Even op zondag een universal aanenten of iets uit het 
waterbad halen. Je enthousiasme werkte zeer aanstekelijk en ik denk met veel plezier terug aan 
de tijd die je bij ons op het lab hebt doorgebracht. Bas, bedankt voor alle bioinformatische 
analyses die je voor me hebt uitgevoerd maar ook voor je snelle reaktie op mijn vragen (je lijkt 
wel op je baas). Guenola thanks for your help. It was a lot of work but finally I think we 
produced some nice publications. Isabel thanks a lot for calculating all the Psalteriomonas trees. 
Zonder jullie analyses was dit proefschrift er niet geweest. Alan het was een groot voorrecht om 
op Exobiologie, en voor jou, te mogen werken. Ik heb altijd erg veel plezier gehad in de 
discussies die we vaak hadden over de meest uiteenlopende onderwerpen. Ik vond het heel leuk 
om af en toe samen met je in het lab te staan bij het opzetten van nieuwe experimenten iets waar 
de huidige hoogleraren helaas geen tijd meer voor hebben. Bedankt voor het corrigeren van een 
aantal manuscripten en voor het feit dat ik nog steeds bij je  terecht kan met allerhande vragen. 
Johnny bedankt voor de leuke tijd op Exobiologie. Ik heb veel van je geleerd en denk ook met 
veel plezier terug aan de congressen die we samen bezocht hebben. Het was voor mij dan ook 
heel vanzelfsprekend om jou als paranimf te vragen. Georg en Seung bedankt voor jullie hulp en 
steun. Brigitte het was een plezier om met je samen te werken en een deel van jouw werk voort 
te mogen zetten. Minder plezier beleefde ik aan je “muziek”. Vaak denderde er ’s-ochtends een 
enorme herrie door het gebouw: jij noemde dat muziek, wij dachten dat je  computer crashte. 
Lodewijk bedankt voor je hulp bij dit onderzoek. Jouw bijdrage loopt er als een rode draad 
doorheen. Eerst was je betrokken bij de metabole studies en later hadden we regelmatig overleg 
over het schrijven van de artikelen. Ik heb dat als heel plezierig ervaren en hoop ook in de 
toekomst nog eens met je te mogen samenwerken. Jaap bedankt voor je  analyses en andere 
bijdragen. Ik vond het leuk dat Martijn jou als lid van de manuscriptcommissie had gevraagd. 
Thanks Carola for your help and introduction in the world of Pulsed Field Gel Electrophoresis. It 
was a pleasure to work with you. Mike bedankt dat ik de ruimte en tijd heb gekregen om dit 
proefschrift in jouw groep af te mogen ronden. Nicole, ondanks dat je min of meer werd 
opgezadeld met de taak om voorzitter van mijn manuscriptcommissie te worden twijfelde je daar 
totaal niet aan. Ik waardeer dit zeer en hoop dat we in de toekomst veel nieuwe leuke 
experimenten kunnen doen. Voor de hulp bij het maken van een aantal van de plaatjes in dit 
proefschrift wil ik Michel bedanken. Een kleine verandering betekende vaak weer uren prutsen. 
Met jouw hulp is dit er veel beter uit gaan zien. Ik zal nog dikwijls in je tuin moeten helpen om 
dit een beetje te kunnen compenseren. En dan al die studenten en stagiaires. Als ik voor jullie 
allemaal iets persoonlijks zou toevoegen zouden de drukkosten van dit boekje niet meer op te 
brengen zijn. Een paar wil ik er hier toch even uitlichten. Hanneke en Bao, jullie bijdrage aan 
euplotes was onmisbaar. Tijdens jullie HLO stage hebben we intensief samengewerkt aan het 
mitochondrieel genoom van Euplotes en wisten jullie binnen 6 weken het grootste deel te 
kloneren en te sequencen ook al werd het soms nachtwerk. Klaas ook jij bedankt voor je bijdrage 
aan het Psalteriomonas project en veel succes met jouw promotieklus. En reken maar dat het een 
klus is! Marga samen met jou heb ik weer de eerste moleculaire stappen gezet. Het was leuk om 
je er bij te hebben. Verder: Antoine, Edouard, Geert, Tom, Ronald, Jan B en Marlous heel erg
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bedankt voor jullie hulp. Tevens iedereen van de afdeling microbiologie: John, Wim, Jan, Huub, 
Arjan, Laura, Boran, Katinka, Harry, Marjan, Marianne, Katharina, Suzanne, Nardy, Francisca, 
Wouter, Ming, Ronald, Margaret, Ahmad, Erwin, Jennifer, Naomi, Maartje, Baoli, Adam, Sarah, 
Lina en Jaime bedankt voor jullie steun en belangstelling en niet te vergeten al die gezellige 
lunches. Ook de medewerkers van de glasinstrumentmakerij, Jos en Peet, bedankt voor jullie 
immer snelle service. Tenslotte Anne-Mieke die me vooral de laatste maanden van tijd tot tijd 
heeft bijgestaan bij de lay-out en die vaak mijn gemopper aan moest horen als het weer eens niet 
lukte.
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